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ABSTRACT

HYDRODYNAMIC DRAG AND FLOW VISUALIZATION OF ISOTRUSS®
LATTICE STRUCTURES

James T. Ayers III
Department of Mechanical Engineering
Master of Science

Hydrodynamic drag testing was conducted for eleven different configurations of
IsoTruss® lattice structures. Flow visualization of prototypical IsoTruss® wind towers
was also performed using Particle Image Velocimetry instrumentation. The drag test and
flow visualization specimens included 6-node and 8-node configurations, single and
double-grid geometries, thick and thin member sizes, smooth and rough surface finishes,
a helical-only structure, and a smaller outer diameter test specimen.
Three sets of hydrodynamic drag tests were conducted in a closed-circuit water
tunnel: 1) orientation drag tests, 2) water velocity drag tests, and 3) height variation drag
tests. The orientation drag tests measured the hydrodynamic drag force of the IsoTruss®
test specimens at five different orientations with an average water velocity of 1.43 mph
(0.64 m/s). The water velocity drag tests measured the maximum drag for each
IsoTruss® test specimen at water velocities ranging from 0.0 to an average 1.43 mph

(0.64 m/s). Based on the average outer structure diameter of the IsoTruss® specimens,
the water velocities corresponded to a Reynolds number range of 7,000 to 80,000. Based
on the average member diameter, the corresponding Reynolds number spanned from 600
to 3,000. In addition, the height variation drag tests were performed by vertically
extracting the IsoTruss® test specimens from the test section at four different immersed
height levels, with a maximum immersed height of 7.22 in (18.1 cm). The height
variation testing corresponded to a Froude number range of 0.40 to 0.90.
The IsoTruss® specimens exhibited an average lower drag coefficient based on
the projected cylindrical area than the smooth circular cylinder data throughout the
Reynolds number and Froude number ranges. The drag coefficient based on solid
member area showed no correlation when shown as a function of the solidity ratio.
However, for the drag coefficient calculated from the solid member projected area, the
data for all IsoTruss® test specimens collapsed to a 2nd order polynomial when presented
as a function of the Froude number, with an R2 of 0.99. Conversely, no significant
relationship was shown when the drag coefficient based on projected cylindrical area was
plotted versus the Froude number. The hydrodynamic data was compared to
aerodynamic data, and the orientation testing results were identical. The hydrodynamic
data differed by an average of 17% compared to the non-dimensional aerodynamic
results.
The flow visualization research revealed that the velocity returned to 2% of the
freestream velocity at 1.24 diameters upstream from the prototypical IsoTruss® wind
tower. Likewise, the velocity returned to a maximum 4% of the freestream velocity at
0.94 diameters sidestream of the model IsoTruss® wind tower.
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Chapter 1: Introduction

The advancement of lightweight, composite materials in both strength and
hygrothermal properties have spawned a variety of innovative applications on a multiindustry level. In particular, the IsoTruss® lattice structures, a Brigham Young
University patented technology, provide efficient use of the composite material’s
directional properties in conjunction with a unique three-dimensional configuration. The
potential application of the IsoTruss® structures is unquestionably diverse, ranging from
aerospace and off-shore oil rigs to the bicycle and wind tower industries. The ability to
market the IsoTruss® structures relies on its advantages to existing industrial technology.
Thus, the need to understand their performance capabilities under actual conditions has
increased. The following research focuses on water loading conditions, and more
specifically, the hydrodynamic drag performance on eleven IsoTruss® structure test
specimens.
Furthermore, this research provides substantial experimental data on the following
for each test specimen: 1) the nominal drag force as a function of water speed and
submersion depth in the water, 2) the maximum drag orientation, 3) the maximum drag
coefficient as a function of Reynolds number, 4) the maximum drag coefficient as a
function of Froude number, 5) comparison to the ubiquitous circular cylinder and other
lattice structures, and 6) flow visualization around and through the interior of a
prototypical wind tower.
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1.1 DESCRIPTION OF ISOTRUSS® LATTICE STRUCTURES
The IsoTruss® lattice structure is a three-dimensional configuration composed of
advanced composite materials. The structure utilizes a redundant, symmetrical pattern to
provide unprecedented stiffness-to-weight and strength-to-weight ratios [Jensen, 2000].
Specifically, an independent study found that an IsoTruss® structure weighs 9% of a
steel structure of equivalent strength [Black, 2003]. In addition, the usage of composite
materials and fabrication methods produce an IsoTruss® structure that is non-corrosive
and isotropic in behavior. These advantages offer significant improvements to existing
civil infrastructure applications.
Consisting of carbon fiber impregnated with epoxy resin, the IsoTruss® lattice
structure is continuously woven with a distinct helical configuration that employs
isosceles triangles to support tension/ compression, bending, and torsion loads. Figure
1.1 displays an example of an IsoTruss® structure.

Helical Members

Longitudinal
Members

Figure 1.1: 8-Node Single Thin IsoTruss® Structure with Identified Components
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As shown in Figure 1.1, the helical members primarily carry the torsion and
transverse shear loads, while the longitudinal members carry the axial and flexure loads.
The helical members also act as stabilizers to the longitudinal members, and are
interwoven to provide highly redundant load paths. This redundancy creates a damage
tolerant IsoTruss® structure that has wide-use applications in space, aircraft, marine, and
military technology.
The focus of this research is centered on the marine or hydrodynamic applications
of the IsoTruss®. A particular marine application of the IsoTruss® exists in the offshore
oil rig industry, in which replacement costs for steel risers have increased the demand for
non-corrosive, lightweight structures that allow for drilling beyond 2500 m [Bradbury,
2003]. The IsoTruss® satisfies the non-corrosive and lightweight requirements, and
Figure 1.2 illustrates an artist rendition of the IsoTruss® structure implemented into an
offshore oil rig.

Figure 1.2: Potential Application of the IsoTruss® Structure on an Offshore Oil Rig
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Although Figure 1.2 demonstrates the feasibility of the IsoTruss® structures as
steel replacements, there remain questions regarding its drag performance. Specifically,
although not limited to, are some previously unanswered questions regarding the
hydrodynamic drag of IsoTruss® structures:
§ What is the hydrodynamic drag force on various configurations at given flow
velocities? Immersed and partially immersed in fluid?
§ How does the IsoTruss® hydrodynamic drag compare with similar circular
cylinder structures that are already in use?
§ Can the drag for a given IsoTruss® geometry be predicted accurately for
industrial applications?
The extent to which these questions can be answered is proportional to the success that
the IsoTruss® technology will remain competitive in the hydro-marine market [Jahnsen,
2002].
1.2 HYDRODYNAMIC DRAG PERFORMANCE
Drag performance is generally known in terms of the following equation:
CD =

2 FD
ρU 2 A

(1.1)

where CD is the drag coefficient, ρ is fluid density, U is the free stream velocity, A is the
projected frontal area, and FD is the drag force. The drag coefficient is a primary
engineering consideration in the design process, and as such, is the focused parameter of
this research. In general, the dimensionless drag coefficient is shown as a function of
other dimensionless parameters for given geometries [Munson et al., 1998]. The
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following discussion describes how the drag coefficient of IsoTruss® structures is a
function of the Reynolds number, Froude number, and solidity ratio.
1.2.1 Reynolds Number
For objects immersed in an incompressible fluid, the drag coefficient (CD) is
plotted as a function of the dimensionless Reynolds number (ReD):
Re D =

ρUD
µ

(1.2)

where D is the characteristic length of the object and µ is the fluid dynamic viscosity.
An example where the drag coefficient was described as a function of the Reynolds
number was conducted by Achenbach [1968], who investigated the drag coefficient
variation for circular cylinders in a Reynolds number range up to 107. The results from
Achenbach are shown in Figure 1.3.

Figure 1.3: Drag Coefficient as a Function of Reynolds Number for Smooth Circular
Cylinders [Achenbach, 1968]
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Drag performance on cylindrical structures of Reynolds numbers from 101 to 108 is
steeped in literature. Data reported by Roberson et al. [1997], Munson et al. [1998], and
Chaplin et al. [2003] concurred with Achenbach’s [1968] published data, and
Achenbach’s data was used as a comparison to the drag experienced by the IsoTruss®
test specimens. The dashed box on Figure 1.3 denotes the experimental Reynolds number
range and corresponding drag coefficients that this research explored.
With respect to the IsoTruss®, the characteristic length can be defined as either
the actual member diameter or the outer structural diameter. This terminology was
selected for consistency with previous drag research on the IsoTruss® structures
[Fowkes, 2003]. Figure 1.4 shows these two possible characteristic lengths using a
diagram of the IsoTruss® from a top-view perspective.

Actual Member
Diameter

Outer Structural
Diameter
Figure 1.4: Top-View of an 8-Node Single Thin IsoTruss® Specimen with Identified
Actual Member Diameter and Overall Structural Diameter
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The following research provides hydrodynamic results using both characteristic lengths,
and the actual member diameter is used to compare with existing aerodynamic data
measured by Fowkes [2003].
1.2.2 Froude Number
For applications where the IsoTruss® is employed as a surface-piercing body, the
drag coefficient is also commonly represented as a function of the dimensionless Froude
number ( Fr h ):
U

Fr h =

gh

(1.3)

where U is the flow velocity, g is the gravitational acceleration, and h is the height of the
body immersed in water from the liquid-gas interface. The Froude number is the ratio of
the dynamic forces versus the static forces acting upon the surface-piercing object. In the
testing of the IsoTruss® specimens, the Froude number signifies the ratio of the dynamic
pressures versus the static or buoyant pressures at the surface acting upon the IsoTruss®
structures. Both Kawamura et al. [2002] and Chaplin et al. [2002] experimentally and
numerically determined that the influence of the free surface on the drag of a circular
cylinder decreases as the Froude number decreases. Thus, as the Froude number
approaches zero, the drag coefficient approximates the value for an object absent of a free
surface.
Hoerner [1965] published results for surface-piercing circular cylinders, and their
respective drag for a given Froude number range. Figure 1.5 provides Hoerner’s results
[1965] and how the drag coefficient asymptotically approaches the non-surface-piercing
value for a Froude number at approximately zero.
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Figure 1.5: Drag Coefficient as a Function of Froude Number for Surface-Piercing
Cylinders [Hoerner, 1965] with Varying h/d Ratios

From Figure 1.5, there are five sets of data that follow three trends where the drag
coefficient is shown as a function of the Froude number. The five data sets were
measured using unique immersed height to cylinder diameter ratios (referred to as h/d on
Figure 1.5), with the maximum h/d ratio of 32 and the minimum ratio at 1. The variation
in the data sets prior to a Froude number of 2.0 demonstrate an effect of the h/d ratio,
where the relative ventilation pocket varies depending on the diameter and height of the
cylinder.

For the given research, an aluminum circular cylinder test specimen was built

having an h/d ratio of 32. Thus, the data set in Figure 1.5 using the h/d ratio of 32 is used
as the comparative benchmark. The IsoTruss® test specimens and the aluminum circular
test specimen were tested within a Froude number range of 0.40 and 0.90. Figure 1.6
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plots the data set having an h/d ratio of 32, and the dashed box indicates the testing range
for the hydrodynamic drag research on the IsoTruss® test specimens.

1.20
Smooth Circular Cylinder
1.00

CD

0.80
0.60
0.40
0.20
0.00
0.00

2.00

4.00

6.00

8.00

10.00

Frh

Figure 1.6: Plotted Data of Drag Coefficient as a Function of the Froude Number for a
Smooth Circular Cylinder [Hoerner, 1965]

The testing Froude number range was not extended beyond 0.90 due to the geometry of
the IsoTruss® specimens, since at least one immersed node is required for an accurate
representation of the IsoTruss® geometry. A more detailed discussion of the testing
procedure and test set-up is provided in subsequent Chapters 3 and 4.
1.2.3 Solidity Ratio and Similar Lattice Structures
The IsoTruss® specimens have an open structure that allow for the fluid to pass
through the structure rather than around, as in the case of a solid circular cylinder. To
reflect this unique geometry and flow condition, the drag coefficient is also shown as a
function of the solidity ratio. The solidity ratio,φ , is defined as:
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φ=

Am
Ac

(1.4)

where Am is the actual member projected area of the IsoTruss®, and Ac is the total
cylindrical area projected by the IsoTruss® structure. Lattice structures, such as wind
towers and offshore oilrigs, similarly permit the flow to enter the interior of the structure.
Hoerner [1965] researched the relationship between solidity ratio and drag performance
of two lattice beams between a solidity ratio range of 0.3 and 0.8, shown in Figure 1.7.

Figure 1.7: Lattice Structures Analyzed by Hoerner [1965] for Drag Forces versus
Specific Solidity Ratios

As expected, the lattice beams in Figure 1.7 were found to have 25% less drag than long
and slender flat plates. Other experimental tests conducted by Bayar [1984] and
Williamsen [1992] tested model wind towers and offshore oilrigs, and determined the
solidity ratio a primary factor of the calculated drag coefficient. One particular finding
from the research performed by Bayar [1984], Willamsen [1992], and Hoerner [1965]
was that the data differed based on the area selected for calculating the drag coefficient.
The two areas for calculating the drag coefficient were either the projected solid area
from the lattice members or the total projected area of the structure. Figure 1.8 depicts
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how the drag coefficient trends vary based on the selected area as a function of the
solidity ratio.

Figure 1.8: Drag Coefficient of Latticed Structures Based on Projected and Total Areas
[Hoerner, 1965]

In Figure 1.8 the drag coefficient is represented as a linear function of the solidity ratio
when the selected area is the total area of the structure. Conversely, the data
approximately collapses along a horizontal line when the drag coefficient is based on the
projected solid area. Also, the results in Figure 1.8 describe how the solidity ratio for
lattice beams produce corresponding drag coefficients, yet direct comparisons to lattice
beams and the complex, interwoven geometry of the IsoTruss® are rough
approximations. Further, the flattened non-circular members of the IsoTruss® increase
the error associated with comparing the IsoTruss® specimens to known geometries.
However, Munson et al. [1998] compiled a list of drag coefficients for various shapes,
including hexagonal and circular cylinder structures. Although approximations, this data
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provides a possible drag coefficient comparison between the IsoTruss® and similar
geometric structures.
1.3 PREVIOUS RESEARCH
No previous research on the hydrodynamic drag characteristics of IsoTruss®
lattice structures has been performed. However, aerodynamic drag measurements of the
IsoTruss® were made by Fowkes in 2003. Fowkes’s work is considered the primary
source for data comparison due to the distinct geometry of the IsoTruss®, and the limited
literature on hydrodynamic drag of helical lattice structures. For a Reynolds number
range based on actual member diameter between 300 and 10,000, Fowkes varied the
orientation of the IsoTruss® on the same eleven different IsoTruss® configurations in
order to measure the resultant drag force. Fowkes discovered that an IsoTruss® lattice
structure has less aerodynamic drag than a smooth cylinder of the same diameter, and
each configuration had a unique orientation relative to the flow that corresponded to
maximum aerodynamic drag on the structure. Figure 1.9 is the compilation of each
IsoTruss® specimen’s drag coefficient in a Reynolds number range from 101 to 104
compared to a circular cylinder rod.
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Figure 1.9: Aerodynamic Results Compiled by Fowkes [2003] for Eleven IsoTruss®
Specimens being compared to a Circular Cylinder Rod

In Figure 1.9, Fowkes used a drag coefficient based on the projected area for the cylinder
and the total equivalent cylinder projected area for the IsoTruss® specimens. The
aerodynamic data demonstrated that the majority of the IsoTruss® test specimens have a
lower drag coefficient than a circular cylinder. However, data regarding the
hydrodynamic drag of IsoTruss® structures as surface-piercing bodies was not obtained.
This information is vital for industrial applications where the IsoTruss® structure acts as
a surface-piercing body, particularly in bridge and offshore oil-rig applications.
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1.4 SCOPE OF RESEARCH
Using eleven different IsoTruss® configurations, hydrodynamic drag testing was
performed. Table 1.1 gives the nominal dimensions of each specimen, which were also
used in the aerodynamic testing conducted by Fowkes [2003].
Table 1.1: Test Matrix of Eleven IsoTruss® Specimens Used in Hydrodynamic Drag
Testing
Nominal Outer
Specimen
IsoTruss®
Member
Diameter
#
Configuration
Size
[in
(cm)]
1
6-Node Single
Thin
5.0
(12.7)
2
6-Node Single
Thick
5.0
(12.7)
3
6-Node Double
Thin
5.0
(12.7)
4
6-Node Double
Thick
5.0
(12.7)
5
8-Node Single
Thin
5.0
(12.7)
6
8-Node Single Smooth
Thick
5.0
(12.7)
7
8-Node Double
Thin
5.0
(12.7)
8
8-Node Double
Thick
5.0
(12.7)
9
8-Node Helical-Only
Thick
5.0
(12.7)
10
6-Node Single Rough
Thin
5.0
(12.7)
11
8-Node Small Diameter
Thin
2.5
(6.4)

The 6-node and 8-node configurations each had a single and double configuration test
specimen. The single and double test specimens each had thick and thin test specimens.
Three unique specimens were additionally constructed: a helical-only specimen, a rough
surface specimen, and a reduced outer structure diameter specimen. The thicknesses for
the specimen members were standardized by Fowkes [2003], and Table 1.2 shows the
specific member sizes of the tests specimens used in the hydrodynamic drag testing.
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Table 1.2: Member Sizes of the IsoTruss® Test Specimens
Types of Members
Thin Longitudinal Members
Thin Helical Members
Thick Longitudinal Members
Thick Helical Members

Number of Conversion
12K Tows to 18K Tows
4
2
27
12

NA
NA
18
8

Typical
Diameter
[in
(cm)]
0.09
0.06
0.17
0.11

(0.23)
(0.15)
(0.44)
(0.28)

Although aerodynamic testing had calculated drag coefficients for a given wind speed
and orientation, it was unknown if hydrodynamic testing would yield similar results.
Likewise, hydrodynamic testing provided the ability to test the IsoTruss® structure as a
surface-piercing object, which simulates many industrial applications.
The hydrodynamic drag research objectives were to: 1) accurately measure and
record the hydrodynamic drag of the IsoTruss® lattice structure for a Reynolds number
range between 600 and 3,000 based on actual member diameter and 7,000 to 80,000
based on outer structural diameter, 2) measure and record the hydrodynamic drag within
a Froude number range of 0.40 and 0.90, 3) compare the hydrodynamic drag to the
aerodynamic drag data, noting trends in data from both sets of experiments, and 4) derive
an overall drag coefficient correlation for a given IsoTruss® based on determined critical
parameters.
Furthermore, this research provides specific answers to potential areas of concern
in the industrial arena. Specifically: 1) do different angle of attack orientations and/or
configurations produce significant drag variation? ;2) how does the IsoTruss® compare
with similar cylindrical structures already in use?; and finally, 3) how does the drag vary
as the IsoTruss® specimen is extracted from the water?
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1.5 FLOW VISUALIZATION
The primary objective of conducting flow visualization research on the IsoTruss®
structures was two-fold: 1) qualitatively observe the flow around and through the lattice
geometry of the IsoTruss® specimens; and 2) quantitatively ascertain how many
diameters away from a prototypical wind tower the local velocity returns to freestream
velocity. The intent of the qualitative analysis was to understand the flow interaction
from the members of the IsoTruss® geometry from both the leading to the trailing sides.
On the other hand, the quantitative analysis was performed for immediate industrial
application, where flow data on wind towers using the IsoTruss® geometry is currently
required for further market entrance. Chapter 9 is a comprehensive discussion of the test
set-up and analysis of the flow visualization results.
1.6 SUMMARY
Understanding the hydrodynamic drag performance of IsoTruss® lattice
structures is critical for marketing and their use in industrial applications. As shown in
prior research, orientation and projected member area are key parameters in determining
the drag performance. The purpose of this research was to study these parameters for
various configurations of the IsoTruss® lattice structures, and provide the required drag
data for future IsoTruss® applications. The specific research goals were to:
1.

Obtain drag data at various orientations using different IsoTruss®
configurations.

2.

Calculate drag coefficients for each configuration.

3.

Compare hydrodynamic data with aerodynamic data.

4.

Derive a correlation for drag coefficients based on critical parameters.
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5.

Qualitatively and quantitatively observe the flow around and through a
prototypical wind tower using IsoTruss® geometry.

17
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Chapter 2: Test Specimen Descriptions and Manufacturing

This chapter discusses the specimens previously made during the aerodynamic
testing, and the respective modifications to the aerodynamic test specimen matrix to
achieve the objectives of the hydrodynamic research. Additional specimens and their
unique manufacturing process are reviewed. Similarly, a circular cylinder test specimen
was constructed for data verification, and its description is set forth. The fixtures
connecting the specimens to the test equipment are also presented.
2.1 PREVIOUS AERODYNAMIC SPECIMENS
The aerodynamic drag testing conducted by Fowkes [2003] utilized eleven
manufactured IsoTruss® specimens. Fowkes [2003] originally manufactured nine
specimens, and later altered two existing specimens to produce the eleven specimens
cited in his research. A brief overview of these specimens and corresponding
illustrations are given here, though the reader is referred to Fowkes’s description [2003]
for a more in-depth explanation behind the manufacturing. Table 2.1 presents each
aerodynamic test specimen’s configuration and corresponding dimensions used in the
hydrodynamic testing.
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Table 2.1: Aerodynamic Test Specimens and Related Dimensions
Outer
Member Diameter
Bay Length
Structure
Specimen
Longi.
Heli.
Diameter

Length

[in

(cm)]

6-Node
Single Thin

2.50

(6.35)

0.09

(0.23)

0.06

(0.15)

5.09

(12.92)

17.78

(45.16)

6-Node
Single Thick

2.50

(6.35)

0.16

(0.40)

0.11

(0.27)

5.16

(13.11)

17.69

(44.93)

6-Node
Double Thin

2.50

(6.35)

0.09

(0.22)

0.06

(0.15)

5.19

(13.18)

17.69

(44.93)

6-Node
Double Thick

2.50

(6.35)

0.16

(0.41)

0.11

(0.28)

5.46

(13.87)

17.69

(44.93)

2.84

(7.21)

0.10

(0.25)

0.06

(0.15)

5.07

(12.88)

17.19

(43.66)

2.84

(7.21)

0.21

(0.54)

0.11

(0.28)

5.17

(13.14)

17.19

(43.66)

2.84

(7.21)

0.09

(0.23)

0.06

(0.15)

5.18

(13.15)

17.81

(45.25)

2.84

(7.21)

0.18

(0.45)

0.12

(0.29)

5.45

(13.84)

17.38

(44.13)

2.84

(7.21)

NA

NA

0.12

(0.29)

5.17

(13.14)

17.75

(45.09)

2.50

(6.35)

0.12

(0.30)

0.10

(0.25)

5.13

(13.02)

17.78

(45.16)

8-Node
Single Thin
8-Node
Single Thick
Smooth
8-Node
Double Thin
8-Node
Double Thick
8-Node
Helical-Only
6-Node
Single Thin
Rough

[in (cm)]

[in (cm)]

[in (cm)]

[in (cm)]

The specimens shown in Table 2.1 are categorized primarily by the number of
nodes, the degree of wrap (single or double), and surface roughness (smooth or rough).
A node refers to the number of radial vertices around each IsoTruss®, and the given
IsoTruss® structures were either 6-node or 8-node configurations. Figure 2.1 displays
the 6-node and 8-node test specimens used in the aerodynamic testing.
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6-Node Single Thin

6-Node Single Thick

6-Node Double Thin

6-Node Double Thick

8-Node Single Thin

8-Node Single Thick

8-Node Double Thin

8-Node Double Thick

Figure 2.1: 6-Node and 8-Node Aerodynamic Test Specimens

Of the 6-node and 8-node test specimens shown in Figure 2.1, Fowkes [2003]
manufactured another 6-Node Single Thin specimen with sand/resin mixture to produce a
rough surface finish. In addition, Fowkes [2003] modified the existing 8-Node Single
Thick specimen with smooth resin coat to produce a glossy surface finish. Thus, the
original condition of the 8-Node Single Thick specimen was irrecoverable for
hydrodynamic testing, and consideration was given to reproduce 8-Node Single Thick
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specimens without the surface effects. However, the high labor costs from both labor
eliminated this possibility. To measure the drag effect from the longitudinal members,
Fowkes [2003] also manufactured an 8-Node Single Thick Helical-Only Specimen, as
shown in Figure 2.2.

Figure 2.2: 8-Node Single Thick Helical-Only Specimen

All 6-node and 8-node specimens, including the additional 6-Node Single Thin
Rough and altered 8-Node Single Thick Smooth specimen, were used in the
hydrodynamic testing.
2.2 MODIFIED TEST SPECIMEN MANUFACTURING
Despite the breadth of specimens manufactured by Fowkes [2003] for the
aerodynamic testing, further analysis revealed limitations in his test matrix. In particular,
all 6-node and 8-node test specimens were fabricated with the same outer diameter. This
structural limitation eliminated any potential investigation into the structure diameter
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contributing to the overall drag performance of the IsoTruss®. To achieve the outlined
objective of deriving a correlation for the drag within given structural parameters, an
additional IsoTruss® specimen with a smaller diameter was required. The manufacturing
process of smaller diameter IsoTruss® specimens differed from that of Fowkes [2003],
and the following describes in detail this fabrication process.
2.2.1 Tooling
The manufacturing of smaller diameter IsoTruss® specimens employed an
entirely different tooling than that used by Fowkes [2003]. The principal factor in
changing the fabrication tooling was the reduced outer diameter. The smaller outer
diameter proposed significant challenges for the existing sized-heads on the aluminum
mandrel implemented by Fowkes [2003]. Further review concluded that either smaller
sized heads could be built for the aluminum mandrel, or the elimination of attached head
tooling could be replaced by a Solusalt® mandrel with built-in head tooling.
The Solusalt® mandrel manufacturing process was selected due to an already
existing Solusalt® mandrel in the lab that would provide the required geometric ratio of
outer diameter to bay length. The following discussion briefly explains the Solusalt®
mandrel manufacturing process, though a complete description of this manufacturing
process is outlined by Phillips [2001].
The Solusalt® mandrel consisted of a white granular powder composed of a
potassium nitrate mixture that was completely water soluble. This powder was initially
heated in temperature-controlled oven at 550°F (288°C) in a stainless steel beaker for
approximately six hours. The melted Solusalt® compound was poured directly into a
cylindrical silicone mold with existing head impressions. A 0.50 in (1.57 cm) diameter
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threaded steel rod was positioned down the center axis of the silicone mold prior to the
pour for ease in attaching end tooling for winding purposes. The Solusalt® mixture
solidified in the silicone mold producing one continuous mandrel. To ensure that the
silicone mold held the Solusalt® mixture in the desired form without porosity and other
air-induced defects, the silicone mold was encased by a split containment cylinder
consisting of an ABS plastic pipe. Figure 2.3 displays the ABS plastic pipe, silicone
mold, and resulting mandrel used in the smaller diameter IsoTruss® fabrication process.

(a)
(b)
Figure 2.3: Solusalt® Tooling: a) (from left) ABS Containment Pipe, Silicone Mold, and
Solusalt® Mandrel; and, b) Interior Impressions of Silicone Mold

Upon removing the Solusalt® from the silicone mold, as shown in Figure 2.3:(b), the
mandrel was placed in a wooden frame to begin the filament winding process of
manufacturing the smaller diameter IsoTruss® test specimen.
2.2.2 Specimen Manufacturing
The filament winding process consisted of carbon fibers impregnated with epoxy
wrapped radially around the mandrel, with the built-in heads guiding the orientation of
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the fibers. Radial winding of the fibers is commonly referred to as “helicals”, whereas
winding of the fiber along the axis of the mandrel is termed “longitudinals”. Each
IsoTruss® specimen is denoted by its unique winding pattern, and the smaller diameter
specimen followed the winding pattern prescribed by Fowkes [2003] of 8-Node Single
Thin specimens. The winding pattern for the entire specimen was one complete helical
tow followed by four longitudinal tows and then one more helical tow to close the
pattern. This pattern is often described by the following notation: 1H-4L-1H, where H
represents helical tows, and L denotes the longitudinal tows. Table 2.2 provides the
winding pattern of the aerodynamic specimens specified by Fowkes [2003] using this
notation.

Table 2.2: Winding Pattern of Aerodynamic Specimens
Fiber/Resin System
Fiber
Specimen
Fiber
Resin
Tow
6-Node Single Thin
6-Node Double Thin
6-Node Single Thick
6-Node Double Thick
8-Node Single Thin
8-Node Double Thin
8-Node Single Thick
8-Node Double Thick

T700SC-12K
T700SC-12K
M30SC-18K-50C
M30SC-18K-50C
T700SC-12K
T700SC-12K
M30SC-18K-50C
M30SC-18K-50C

UF3325-95
UF3325-95
UF3325-100
UF3325-100
UF3325-95
UF3325-95
UF3325-100
UF3325-100

12K
12K
18K
18K
12K
12K
18K
18K

Winding Pattern
1H-4L-1H
1H-4L-1H
2H-6L-2H-6L-2H-6L-2H
2H-6L-2H-6L-2H-6L-2H
1H-4L-1H
1H-4L-1H
2H-6L-2H-6L-2H-6L-2H
2H-6L-2H-6L-2H-6L-2H

The particular winding pattern of the smaller diameter IsoTruss® specimens yielded an
average helical diameter of 0.06 in (0.15 cm) and an average longitudinal diameter of
0.11 in (0.27 cm). The longitudinal diameter to helical diameter ratio is 1.80, which
corresponds to Fowkes [2003] ratio of 1.70 for the 8-Node Single Thin specimen. The
completion of the winding phase of the manufacturing process consisted of consolidating
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the fibers with hand-wrapped Kevlar® wrap. Figure 2.4 demonstrates the consolidation
method of wrapping Kevlar® fiber around the carbon fibers prior to curing.

Figure 2.4: Consolidation of Small Diameter IsoTruss® Specimen on Solusalt® Mandrel
by Hand-Wrapping Technique Using Kevlar® Fiber

After curing the 8-node small diameter IsoTruss® test specimen in an autoclave at 310° F
(154 °C) for an hour with a ramp up of 5 °F (-15 °C) per minute, the mandrel was
removed by water dissolution and the end fixtures were disassembled. The resulting 8node small diameter test specimen and associated epoxy end cap used for interfacing with
a force balance is shown in Figure 2.5.
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Figure 2.5: 8-Node Small Diameter Test Specimen for Hydrodynamic Drag Testing

Including the 8-node small diameter test specimen, the modified test matrix for the
hydrodynamic testing now consisted of eleven IsoTruss® test specimens. Table 2.3 lists
the hydrodynamic test specimens and their dimensions.
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Table 2.3: Modified Hydrodynamic Test Specimen Matrix
Specimen

Bay Length

Heli.

Outer
Structure
Diameter

Length

[in (cm)]

[in (cm)]

[in (cm)]

Member Diameter
Longi.

[in

(cm)]

6-Node
Single Thin

2.50

(6.35)

0.09

(0.23)

0.06

(0.15)

5.09

(12.92)

17.78

(45.16)

6-Node
Single Thick

2.50

(6.35)

0.16

(0.40)

0.11

(0.27)

5.16

(13.11)

17.69

(44.93)

6-Node
Double Thin

2.50

(6.35)

0.09

(0.22)

0.06

(0.15)

5.19

(13.18)

17.69

(44.93)

6-Node
Double Thick

2.50

(6.35)

0.16

(0.41)

0.11

(0.28)

5.46

(13.87)

17.69

(44.93)

2.84

(7.21)

0.10

(0.25)

0.06

(0.15)

5.07

(12.88)

17.19

(43.66)

2.84

(7.21)

0.21

(0.54)

0.11

(0.28)

5.17

(13.14)

17.19

(43.66)

2.84

(7.21)

0.09

(0.23)

0.06

(0.15)

5.18

(13.15)

17.81

(45.25)

2.84

(7.21)

0.18

(0.45)

0.12

(0.29)

5.45

(13.84)

17.38

(44.13)

2.84

(7.21)

NA

NA

0.12

(0.29)

5.17

(13.14)

17.75

(45.09)

2.50

(6.35)

0.12

(0.30)

0.10

(0.25)

5.13

(13.02)

17.78

(45.16)

1.52

(3.86)

(0.27)

0.06

(0.15)

2.29

(5.82)

17.90

(45.50)

8-Node
Single Thin
8-Node
Single Thick
Smooth
8-Node
Double Thin
8-Node
Double Thick
8-Node
Helical-Only
6-Node
Single Thin
Rough
8-Node Small
Diameter

[in (cm)]

0.11

2.3 CIRCULAR CYLINDER TEST SPECIMEN
The objective behind testing a circular cylinder test specimen was two-fold: 1) to
verify that drag measurements of known geometries concurred with published data; and
2) to compare the IsoTruss® drag measurements with the commonly-used cylindrical
geometry. To achieve this objective, an aluminum cylinder rod, with a diameter of 0.50
in (1.27 cm), was fabricated. Figure 2.6 displays the 0.50 in (1.27 cm) aluminum
cylinder rod attached to a circular aluminum end fixture that interfaced with a force
balance.
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Figure 2.6: 0.50 in (1.27 cm) Diameter Aluminum Circular Cylinder

The aluminum circular cylinder shown in Figure 2.6 allowed for excellent comparisons
with published data due to its relatively small diameter to length in comparison to the
water tunnel test section width of 7.99 in (20.3 cm). This small diameter helped reduce
potential solid blockage in the test section, with the ratio of cylinder diameter to test
section width at 0.06. This ratio was below the critical ratio of 0.10 outlined by
Zdravkovich [1997], and therefore blockage was considered negligible for the cylinder
specimen testing.
2.4 SUMMARY
The aerodynamic test specimens were described. Varying the outer diameter of the
IsoTruss® structure allowed further analysis on the contributing factors of drag
performance. The construction of the 8-node small diameter IsoTruss® specimen was
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provided, including the Solusalt® mandrel manufacturing process. Finally, the aluminum
circular cylinder test specimen and its role in the drag testing were described.
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Chapter 3: Testing Set-Up and Equipment Calibration

The testing apparatus for measuring the hydrodynamic drag consisted of the
following: closed-loop water tunnel, velocity measurement system, force balance system,
and a data acquisition system. The ensuing discussion reviews each element of the
testing apparatus, and the corresponding instrument calibration in preparation for the
testing.
3.1 WATER TUNNEL
A water tunnel, located at Brigham Young University, was used to measure the
hydrodynamic drag of IsoTruss® structures. The water tunnel was assembled using a
pump, perforated inlet, delivery plenum, and flow conditioners that allowed laminar flow
to exist in the acrylic test section. The water tunnel is self-contained and closed-circuit,
with the pump recycling the water. Figure 3.1 displays the water tunnel and identifies
the chief components.
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(a)

6
5

4

3

1

2

1. Control Panel
2. Pump
3. Perforated Inlet

(b)
4. Flow Conditioners
5. Upstream Plenum
6. Test Section

Figure 3.1: Water Tunnel Located at Brigham Young University: a) South Side-View;
and, b) North Side View
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3.1.1 Pump
The water is driven by a pump manufactured by Baldor Electronics Inc. that
operates up to a shaft frequency of 60 Hz. The pump is electronically monitored by a
FUJI© electronic control panel, which allows the desired frequency to be set.
3.1.2 Perforated Inlet
Through a 6.0 in (15.2 cm) diameter pipe with 0.25 in (0.64 cm) thick walls, the
pump drives the water into an upstream plenum. The end of the pipe is perforated with
0.75 in (1.91 cm) diameter holes, where the forced water empties into the inlet section of
the water tunnel. The mixing of the water produces turbulence throughout the initial
section of the upstream plenum, requiring the flow to be conditioned to laminar prior to
entering the test section. Figure 3.2 displays the water exiting the perforated inlet and the
visible turbulent mixing of the water.

Figure 3.2: Perforated Inlet with Water Mixing in Initial Section of Upstream Plenum
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3.1.3 Upstream Plenum
The upstream plenum is the large, covered section of the water tunnel that holds
the flow conditioners, as shown in Figure 3.1 and Figure 3.3. The upstream plenum is
covered tightly and filled to capacity to remove effects of a free surface and varying
water height.
3.1.4 Flow Conditioners
The forced water from the perforated inlet enters two sections of flow
conditioners. The initial section consists of an acrylic case that contains six layers of
aluminum honeycomb. The flow is restricted to one direction through each layer of
honeycomb, which reduces the freestream turbulence. The second section of flow
conditioners consists of thousands of drinking straws approximately 6.0 in (15.2 cm) in
length. Held by a wire mesh, the straws are oriented such that the flow must travel
through them (see Figure 3.3). This secondary conditioning section further removes
turbulence from the fluid, creating a laminar flow. The flow then momentarily enters a
stilling chamber, and the water tunnel gradually contracts to accelerate the flow into the
test section while maintaining a laminar regime. The contraction ratio from the upstream
plenum to the test section is approximately 4:1.
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(a)
(b)
Figure 3.3: Flow Conditioning Sections: a) Honeycomb; and, b) Drinking Straws
3.1.5 Test Section
The test section is where the hydrodynamic drag and flow velocity is measured.
The test section is rectangular and made of clear acrylic for visible access, with
dimensions of 7.99 in (20.30 cm) wide, 9.49 in (24.10 cm) high, and 3.74 ft (1.14 m) long
as shown in Figure 3.4.

Forward Limit

Pitot Probe
Test Section

IsoTruss®

Figure 3.4: Test Section with IsoTruss® Test Specimen Positioned at Forward Limit
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To reduce the effects of boundary layer growth, the Pitot probe and IsoTruss®
structure were positioned at the farthest upstream location, which is called the forward
limit (refer to Figure 3.4). Upon entering the test section, the Blasius solution is
applicable and yields a maximum boundary layer thickness of 0.15 in (3.90 mm) at the
forward limit. This boundary layer growth is only 1.6% of the overall height of the test
section.
A 3-axis mechanism supported the Pitot probe and the mechanism has a height
lower limit. The minimum possible probe height from the bottom of the test section is
0.19 in (0.50 cm). To validate that the test specimens were beyond the boundary layer,
the velocity was measured at four heights measured from the bottom of the test section.
Table 3.1 shows the resulting measured velocity at the four heights.

Table 3.1: Boundary Layer Testing at Four Measured Heights
Test #
1
2
3
4

[ in

(cm)]

Average
Pressure
[in H20 (Pa)]

0.20
0.24
0.28
0.31

(0.50)
(0.60)
(0.70)
(0.80)

0.28
0.28
0.285
0.28

Height

(69.72)
(69.72)
(70.97)
(69.72)

The maximum percent pressure difference occurred between height levels 0.28 in (0.70
cm) and 0.31 in (0.80 cm) at 1.7% at ± 0.5% uncertainty error. Since there was no
pressure difference between the other heights, the tested heights were confirmed outside
the boundary level. Thus, the IsoTruss® test specimens were elevated twice the height of
the predicted boundary layer growth, at a measured 0.30 in (0.78 cm) from the bottom of
the test section in order to avoid any boundary layer interaction.
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3.2 VELOCITY MEASUREMENT SYSTEM
The velocity measurement system consisted of a Pitot probe and pressure
transducer system. The Pitot probe was immersed in the moving flow, and the
differential between the static and stagnation pressures was measured by the pressure
transducer. The following describes the Pitot probe and the pressure transducer.
3.2.1 Pitot Probe
Manufactured by United Sensor Corporation, the Pitot probe is circular with a
0.25 in (0.635 cm) diameter and made from stainless steel. The stagnation pressure hole
is approximately 0.08 in (0.20 cm) in diameter, whereas the static pressure hole is (0.10
cm) in diameter. The Pitot probe was positioned in a three-axis transverse mechanism
that was mounted on top of the test section, which allowed the probe to be positioned at
various locations in the test section (see Figure 3.5).

(a)

(b)

Figure 3.5: Pitot Probe and Three-Axis Transverse Mechanism on Test Section: a) SideView; and, b) Close-Up View of Three-Axis Mechanism
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Careful consideration was also given to the placement of the Pitot probe in the test
section. Specifically, the ideal position for the Pitot probe in reference to the IsoTruss®
specimen was to the specimen’s lateral side, with sufficient clearance from the test
section wall to remain free from boundary layer interaction. Simultaneously, the Pitot
probe should not be placed in the wake of the IsoTruss® since freestream velocity needed
to be measured. However, due to the outer diameter size of the IsoTruss® and the
relatively narrow test section width, at approximately a 1:3 ratio, the Pitot probe was
shown to experience either or both boundary layer interaction and wake distortion from
the members at the later position. Thus, the Pitot probe was restricted to being placed in
front of the IsoTruss® specimen.
The measured velocity error with the Pitot probe in front of the test specimen was
only 0.3%, or 0.004 mph (0.002 m/s), at the farthest distance upstream from the
IsoTruss® specimen. Placing the Pitot probe upstream from the test specimen was
advantageous from an accurate velocity standpoint. On the other hand, one significant
disadvantage of placing the Pitot probe upstream from the test section was the wake
caused by the presence of the probe. To measure the effect of the Pitot probe on the
hydrodynamic drag, the probe was removed from the test section and the drag force was
recorded. Using the same testing conditions, the probe was re-immersed at the 18.0 in
(45.7 cm) upstream location, and the drag force was recorded. Using a 6-Node Single
Thin test specimen, Figure 3.6 shows the drag difference with and without the Pitot probe
in the test section.
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0.40
With Pitot Probe

1.60

0.35
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1.20
0.25
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0.10
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0.00
0.00

5.00

10.00

15.00
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0.00
35.00
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Figure 3.6: Testing of Drag Force on 6-Node Single Thin Test Specimen With and
Without Presence of Pitot Probe

From Figure 3.6, the drag force deviation caused by the Pitot probe in and out of the test
section increased as the pump frequency increased. However, the uncertainty of the drag
measurements similarly increased with the pump frequency. The deviation due to the
Pitot probe was within the measurement uncertainty, and the upstream placement of the
Pitot probe was considered the optimal alternative for the hydrodynamic drag tests.
3.2.2 Pressure Transducer
A pressure transducer was used to measure the difference of the stagnation and
static pressures. Manufactured by Omega Inc., the differential pressure transducer is
water compatible with a full scale pressure range from 0 to 5 in (1.25 kPa) of water at 1%
full-scale accuracy. The pressure transducer provides an analog output of the pressure
differential in 4-20 milliamps, which is then displayed by the meter manufactured by
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Omega Inc. The meter was conditioned to display the pressure differential as the flow
velocity by the following equation:
U = 2(∆P) / ρ

(3.1)

where U is the flow velocity, ∆P is the pressure differential, and ρ is the water density.
The meter provides an analog output to the data acquisition system that allows for the
velocity to be recorded. Figure 3.7 shows the velocity measurement system with the
pressure transducer and meter.

Figure 3.7: Pressure Transducer and Meter Used to Measure Flow Velocity
3.3 FORCE BALANCE SYSTEM
A force balance was employed to measure the hydrodynamic drag on the
IsoTruss®. The force balance was modified from an existing force balance system that
measured lift, drag, and moment forces on airfoils. The lift and moment sensors were
removed, and the interface between the airfoil and force balance was replaced with an
interface for the IsoTruss® structures, which is shown in Figure 3.8: (a).
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(a)

(b)

(c)
Figure 3.8: Force Balance System: a) IsoTruss® Interface beneath Force Balance Plate;
b) Adjustable Stand; and, c) Mounted Strain Gauge-Shim System on Upper Plate

Likewise, the adjustable stand allows for the IsoTruss® to be extracted from the
water at various heights up to 10 in (25.4 cm), enabling drag to be measured at various
Froude numbers (see Figure 3.8: (b)). The adjustment stand was mounted on top of the
test section and could be varied to the desired height.
The force balance senses drag on the IsoTruss® by measuring the lateral
deflection in the shims stock which supports the plate connected to the IsoTruss® (see
Figure 3.8: (c)). As the shim flexes, strain gauges produce a proportional voltage output.
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This recorded voltage was calibrated with known weights, which will be discussed in the
next section. Figure 3.9 is a magnified view of the full-bridge strain gauge used on the
force balance. The strain gauge is manufactured by Omega Inc., and its part number is
LLC-113.

Figure 3.9: Close-Up View of Strain Gauge Located on Force Balance

3.4 ORIENTATION DEGREE STRIP
A degree strip was constructed for the orientation drag testing. Originally drawn
in AutoCad for precision to within 0.5 degrees, the degree strip was laminated and then
fastened on the force balance interface. Each IsoTruss® specimen was marked at the 0.0
degree orientation, and the test specimens were subsequently turned radially at the
specified orientations based on the 0.0 degree marking. Figure 3.10 shows the AutoCad
drawing of the orientation strip.
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Figure 3.10: AutoCad Drawing of Degree Strip used in Orientation Testing (Not Shown
to Scale)

3.5 DATA ACQUISTION
The data acquisition system used in this research was MEGADAC model
5414AC manufactured by Optim Electronics. MEGADAC uses a 16-bit resolution and
employs a built-in excitation voltage of 5 volts, with a maximum sampling rate of 1500
scans per second. Optim’s Test Control Software (TCS) operates on Window’s® 2000
platform, which simplified the data collection by using a graphic user interface and an
already existing testing set-up that expedited the data acquisition process. MEGADAC
was equipped with over 250 data channels, though this research only required the use of
two data channels for the force balance voltage and pressure transducer ampere. The
force balance system and velocity measurement system were connected to MEGADAC.
The calibration of these systems is discussed in the next section. Figure 3.11 shows the
data acquisition system.
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Figure 3.11: MEGADAC Data Acquisition Equipment
3.6 EQUIPMENT CALIBRATION
The equipment was calibrated using known weights as inputs. Specifically, the
turbulent intensity was measured to determine the uniform flow within the test section,
and the force balance and velocity measurement systems were calibrated. The following
discussion explains the calibration process for each system.
3.6.1 Turbulent Intensity
Significant turbulent fluctuations within the water tunnel could affect the drag on
the IsoTruss® specimens [Zdravkovich, 1997]. Turbulent intensity is the quantifiable
statistic that represents the level of turbulence, or random three-dimensional velocity

44

fluctuations, in the flow. The turbulent intensity is defined as the ratio of the root mean
square of the eddy velocity to the mean flow velocity.
TI =

U rms
U

(3.2)

Where TI is the non-dimensional turbulent intensity, and Urms is the root mean square of
the fluctuations from the mean, andU is the mean value of the flow velocity . Typically,
the turbulent intensity is expressed as a percentage.
Previous experimental work by Hansen [2003] on airfoils in the BYU water
tunnel found the turbulent intensity at 0.15%. The hydrodynamic drag testing relied upon
Hansen’s [2003] measurements of the turbulent intensity in the water tunnel. For
validation that a 0.15% turbulent intensity was satisfactory conditions for accurate drag
measurements, Bagchi et al. [2003] and Huang et al. [1999] both assert from
experimental observations on spherical particles and airfoils that turbulent intensity
becomes a significant parameter when greater than 0.45%. Thus, the turbulence
generated within the water tunnel was expected to be negligible for the hydrodynamic
drag testing.
3.6.2 Force Balance Calibration
The force balance system was calibrated prior to testing by synthesizing the
approaches of both Hansen [2003] and Fowkes [2003]. A system of eight weights,
ranging from 0.004 lbm (1.82 g) to 0.499 lbm (226.30 g), was weighed by a metric scale
with an accuracy to1/100 of a gram. Figure 3.12 shows an example of a weight used in
the force balance calibration.
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Figure 3.12: Weight of 0.062 lbm (28.1 g) Fishing Hook Used in Force Balance
Calibration

With an IsoTruss® specimen positioned in the force balance to simulate testing
conditions, the weights were sequentially applied using a pulley system constructed by
Parry [2001] and Hansen [2003]. The pulleys were made of acrylic nylon to reduce
friction effects, and the weights were strung with fishing line and brass hooks to connect
the load to the IsoTruss® specimens, as shown in Figure 3.12. The fishing line and
hooks were weighed individually by the metric scale, and included in the overall applied
force. Figure 3.13 illustrates the pulley system by which the applied weights attach to the
IsoTruss® specimen.
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(a)
(b)
Figure 3.13: Pulley System Designed to Calibrate the Force Balance System: a) SideView; and, b) Ground-View Looking-Up at Force Balance

Preliminary testing demonstrated that the IsoTruss® structures were immersed in
the water flow at a maximum 3 bay lengths. To ensure minimal discrepancy between the
first bay length point, or 1st node, and the 3rd node, the weights were applied at each node
while on the calibration stand and a linear best-fit of the force to voltage readout was
obtained. Figure 3.14 identifies the three node locations on an IsoTruss® specimen at its
maximum depth in the test section.

1st Node
2nd Node
3rd Node

Figure 3.14: Designated Node Locations for Force Balance Calibration
47

The calibration process consisted of hanging the seven measured weights consecutively
on each node, allowing the previous weight to remain on the pulley system until all seven
weights were on the pulley system at once. This procedure enabled the hysteresis error of
the force balance to be analyzed when removing the weights, and further increased the
weight range for calibration purposes.
The relationship between the load and voltage was linear, and therefore a linear
regression analysis was performed on the cumulative loading for all three node locations.
Figure 3.15 shows the cumulative loading and the consequent linear-fit. The fraction of
the total variability in the data, R2, was determined 0.9996. The slope from the linear-fit
was 0.4817 (N/mV). For every input voltage, the linear-fit slope predicts the output
loading force within ±0.005 lbf (0.025 N), or 1.11% full-scale.

2.50

y = 0.4817x

2.00

2

Load (N)

R = 0.9996
1.50

1.00

0.50

0.00
0.00

1.00

2.00

3.00

4.00

Voltage (mV)

Figure 3.15: Force Balance Calibration Results with Linear-Fit Equation

48

5.00

3.6.3 Hysteresis
The loading and unloading of weights produced an expected hysteresis error.
Hysteresis is defined as the difference in value from scaling upward and downward
during a sequential loading test [Figliola et al., 1995]. To measure this error during the
force balance calibration, each node was loaded and downloaded with the corresponding
outputs recorded by the data acquisition system. This process was repeated twice. The
hysteresis error is described by the following equation:
%ε h max =

ε h max
⋅ 100
F .S .

(3.3)

where ε h max is the maximum hysteresis error found during the calibration, and F.S. is the
full-scale output range. The maximum hysteresis error during the force calibration
process for all three node locations was 2.6%. This error was accounted for in the
uncertainty analysis of the drag force calibration outlined in Chapter 5.
3.6.4 Velocity Calibration
The differential pressure transducer used in the measurement of the velocity flow
was calibrated by a Model 34FB2 micro-manometer manufactured by Merriam
Instrument Company. The micro-manometer measured a known pressure to within
1/1000 of an inch (0.249 Pa) of water, and this pressure was utilized as a known input
into the pressure transducer. The ampere readout from the pressure transducer was
monitored by the control meter, and the control meter was adjusted to display the known
pressure input from the micro-manometer. At zero pressure, the pressure transducer was
set at the minimum ampere value of 4 milliamperes, and at 5 inches (1.25 kPa) of water,
the pressure transducer was set to the maximum ampere value of 20 milliamperes. The
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milliamperes were converted to pressure by the meter. Thus, the pressure range spanned
from 0 to 5 inches (1.25 kPa) of water. The given micro-manometer pressure was
subsequently removed from the system, and it was verified that the meter returned to a
zero pressure readout. This process was repeated to ensure that the pressure transducer
system was accurately calibrated.
In addition, considerable attention was given to the drift inherent in the pressure
transducer caused by built-in instrumentation error and atmospheric thermal variance.
After calibrating the pressure transducer to the known input pressure, the pressure
displayed on the control meter was monitored at twenty minute intervals to evaluate the
drift. The pressure transducer experienced an average drift of 2.0%, or ± 0.016
milliamperes, over the course of five hours. This error was within the instrument
specifications, and accounted for in the uncertainty analysis of the measurements. Also,
the test procedure was modified to ensure that the pressure transducer returned to the
initial zero readout for each data set prior to proceeding with further velocity
measurements.
3.6.5 Solid Blockage
The presence of walls in the water tunnel confined the flow and induced solid
blockage effects, which would not otherwise exist in infinite stream conditions, such as
open-sea offshore oilrigs. Solid blockage is defined as the reduced local cross-sectional
area of the flow due to presence of the IsoTruss® structure. These blockage effects
increase the velocity around the IsoTruss® specimens, and distort the drag of the
IsoTruss® structure if placed in open water. Generally, blockage is determined by the
ratio of an object’s diameter versus the width of the test section. Zdravkovich [1997]
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concluded that the blockage effects of an object were significant and correction of the
measured data was necessary if the ratio of the object’s diameter versus the width of the
test section exceeded 0.1. Thus, corrections are required if the diameter is equal to or
more than one tenth of the test section width. Due to the ambiguity in measuring the
equivalent diameter of the porous, open IsoTruss® structure, alternative methods were
investigated to measure the solid blockage.
One such method to detect solid blockage in the water tunnel is by measuring the
height of the water in the test section area where the specimen is located, and then
comparing that height to farther upstream and downstream heights. A decrease in the
height in comparison to the upstream and downstream heights would indicate a reduction
in the cross-sectional area, and consequently, solid blockage. This method was selected,
and the acrylic test section allowed for the water height to be measured from the outside
without disturbing the flow.
The water height was measured as the pump frequency increased from 0.0 Hz to
40.0 Hz at two distinct points: 1) 6.0 in (15.2 cm) upstream from the specimen, and 2) at
the center of the test specimens’s structure. From 0.0 to 30.0 Hz, the water height
transitioned from a laminar regime to a turbulent flow as the wake from the IsoTruss®
increased, particularly at 25.0 Hz and above. At 25.0 Hz, the upstream height differed
from the height at the specimen location by an average of 0.13 in (0.50 cm), or 1.2% of
the entire test section height. Solid blockage effects were considered minimal at this
frequency. At a pump frequency of 30.0 Hz, the flow was visibly turbulent and the
height at the test specimen was actually greater than the upstream height by an average of
0.08 in (0.20 cm), or 0.4% of the test section height. This increase was due to the
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oscillating nature of the flow caused by the constraint of a narrow test section and the
reduction in cross-sectional area. At the 35.0 Hz, the height variation from upstream to
the test specimen increased to average 1.8 in (4.5 cm), or 25% of the entire test section.
Thus, the pump frequency range was limited between 0.0 Hz and 30.0 Hz, or an averaged
0.0 mph to 1.43 mph (0.64 m/s) to restrict testing within a velocity range where the crosssectional height was within 2% of the upstream height.
3.6.6 Measurement Repeatability
The hydrodynamic drag testing spanned approximately three months. The
repeatability of the measurements was tested for the orientation, water velocity, and
height variation drag tests during this period. The specific test specimens used in the
repeatability measurements were randomly selected from the test matrix in order to
remove bias error. Table 3.2 shows the selected specimens and the percent drag force
deviation from the original set of recorded data.
Table 3.2: Percent Drag Force Deviation for Replication Testing
Immersed
Water
Orientation
Test
% ∆ Drag
Height
Velocity
Test Type
Specimen
Force
[deg]
[in (cm)] [mph (m/s)]
Orientation

8-Node
Single Thin

-20.00

6.95

(17.65)

0.72

(0.32)

10.20

Velocity

6-Node
Double Thin

15.00

7.05

(17.90)

0.93

(0.42)

11.20

Height
Variation

6-Node
Single Thick

20.00

4.72

(12.00)

0.72

(0.32)

0.09

7.2

Average

The average percent drag force deviation was 7.2, and this is considered high. The
purpose of conducting the repeatability tests was to validate the experimental set-up, and
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the ability to take precise measurements with low tolerances. Thus, the results from this
research must be weighed in light of the average 7.2% repeatability error.
3.7 SUMMARY
The test equipment and experimental calibration are described. The water tunnel
components, force balance system, velocity measurement system, orientation degree
strip, and data acquisition components are outlined. A linear regression analysis was
performed to determine the linear-fit equation of the drag force on the force balance.
Hysteresis error was introduced in the calibration process, and is accounted for in the
uncertainty analysis. The pressure transducer system was calibrated to a known pressure
input, and the pressure readout was adjusted to inches of water.
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Chapter 4: Experimental Procedure

Using the hydrodynamic test specimen matrix (refer to Table 2.3), the eleven
IsoTruss® structures underwent three major types of experiments: 1) orientation drag
tests; 2) water velocity drag tests; and 3) height variation drag tests. The orientation drag
tests were specifically designed to determine the drag force as a function of the
structure’s orientation. The water velocity drag tests were used to present the actual drag
force as a function of the water velocity and the drag coefficient as a function of the
Reynolds number. Likewise, the height variation drag tests were conducted to show both
the actual drag force versus the immersed height of the IsoTruss® structure and the drag
coefficient as a function of the Froude number.
4.1 ORIENTATION DRAG TESTS
The orientation drag tests were the initial experiments conducted on the
IsoTruss® specimens. The orientation testing was critical in determining the maximum
drag orientation for each specimen, which was used as the fixed orientation in both the
water velocity and height variation testing. Following the convention posed by the
aerodynamic orientation drag testing [Fowkes, 2003], an IsoTruss® specimen was
initially positioned at the designated zero orientation, as shown in Figure 4.1.
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6-Node Single

6-Node Double

8-Node Single

8-Node Double

Figure 4.1: Orientation for Each IsoTruss® Configuration

The velocity offset and drag data were recorded with the pump on and not
running, producing no actual flow at 0.0 Hz. The flow velocity was increased until 30.0
Hz was reached, resulting in an average of 1.43 mph (0.64 m/s). The flow was allowed
to reach steady-state, which required approximately three minutes for each velocity
change. The drag data and velocity data was recorded and the water velocity was ramped
down to 0.0 Hz. The flow was allowed to become standing water, and the drag data and
velocity were recorded again with the pump on at the 0.00 velocity to ensure that drift
and hysteresis were not present. This process was repeated at five individual orientations
for both the 6-node and 8-node test specimens.
For comparative purposes, the aerodynamic data [Fowkes, 2003] provided the
basis for selecting the specific orientations of each test specimen in the hydrodynamic
orientation testing. The intent of using the aerodynamic data was to further confirm the
results, and exhibit the drag variation due to orientation. The maximum and minimum
orientations from the aerodynamic data were likewise implemented in the hydrodynamic
data set, and two other supplementary orientations were chosen for each specimen for
equal spacing. The hydrodynamic drag data was recorded at each orientation and
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corresponding plots for individual IsoTruss® test specimens are given in Chapter 6.
Comparisons to the aerodynamic data are provided in Chapter 7.
4.2 WATER VELOCITY DRAG TESTS
The water velocity drag testing was performed on each IsoTruss® specimen. The
IsoTruss® was positioned at its maximum drag orientation and placed in the water tunnel
with the water pump on and not running. One set of samples (1200 samples per second
for 10 seconds) was recorded. The pressure transducer was zeroed, the height of the
water in the test section was maintained at an averaged 7.32 in (18.7 cm), and the
temperature of the water was recorded.
The water pump was initially set to 5.0 Hz by the control panel. The voltage
readings from the pressure transducer and force balance were monitored by the data
acquisition system and allowed to reach steady-state, which required approximately three
minutes. The data from the pressure transducer and the force balance was recorded. This
process was repeated at different operating pump speeds, ranging from 5.0 Hz to 30 Hz at
the following frequency levels: 5.0, 8.0, 10.0, 13.0, 15.0, 18.0, 20.0, 23.0, 25.0, 28.0, and
30.0 Hz. The height of the water differed as the velocity increased. The water height
was recorded at each frequency level upstream of the IsoTruss® specimen. Upon
completing this test cycle, the pump frequency was ramped down to 0.0 Hz, and the
voltage and pressure readouts were verified to return to zero while the pump remained
on. Figure 4.2 demonstrates the 8-Node Single Thin IsoTruss® in water velocity testing
position.
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(a)

(b)

Figure 4.2: 8-Node Single Thin Test Specimen in Testing Position for Velocity Drag
Testing: a) Overall View of Test Section with Test Specimen; and, b) Close-Up View of
Maximum Immersed Length
4.3 HEIGHT VARIATION DRAG TESTS
The height variation drag tests were performed by adjusting the force balance
stand that connects to the force balance. Each IsoTruss® specimen was initially
positioned at the maximum immersed length where the specimen was still beyond the
boundary layer. From the Pitot probe testing, the boundary layer clearance height for the
test specimens was 0.31 in (8.0 mm) from the bottom of the test section. The IsoTruss®
test specimen was likewise positioned at the maximum drag orientation to ensure that the
measured drag was the maximum drag at various heights.
The water pump was turned on, and the voltage data from the force balance and
pressure transducer were recorded. The pump frequency was ramped to 15.0 Hz, and the
drag data and pressure data were recorded. The pump frequency was again ramped to
30.0 Hz, and the data was similarly taken. Thus, the height variation data was taken at
two different velocities with the same maximum drag orientation. The pump frequency
was returned to 0.0 Hz, and allowed to reach steady-state with the pump on but not
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running. After reaching steady-state, the voltage and pressure readout were recorded.
This was done to document any hysteresis error introduced into the measurements.
The above process was repeated at four different heights, with the height
conventionally referenced as the immersed height of the IsoTruss® structure from the
surface of the water. The four averaged immersed testing heights for all IsoTruss® test
specimens were: 7.13 in (18.10 cm), 5.87 in (14.80 cm), 4.65 in (11.90 cm), and 3.50 in
(8.90 cm). The immersed height was calculated by measuring the overall height of the
water in the test section at each velocity level and subtracting the overall height from the
distance of the end IsoTruss® specimen members to the bottom of the test section. The
height measurement process was standardized by using pre-measured plastic rings with
metal covers that interfaced with ends of the test specimens. For further verification of
the height, a plastic ruler also measured the height level after the plastic rings were used.
Figure 4.3 shows the plastic rings and metal covers used in the height measurement
process and a sequential height variation of an 8-Node Single Thin IsoTruss® specimen
undergoing drag testing.
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(a)

(b)

(c)
(d)
Figure 4.3: Height Variation Testing: a) Top-View Plastic Rings and Metal Covers; b)
Height Measurement of 8-Node Single Thin Test Specimen; c) Close-Up of Plastic Rings
and Metal Covers with Test Specimen Interfaced; and, d) Drag Testing of 8-Node Single
Thin Test Specimen

4.4 SUMMARY
The experimental procedure for the hydrodynamic drag testing is described.
Three tests were performed: orientation drag testing, velocity drag testing, and height
variation drag testing. The specific measurement levels and general approach were
provided for each experiment. In addition, a step-by-step outline of each experiment is
provided in the Appendix. Table 4.1 provides a summary of the experimental test matrix,
and the effective number of tests that were conducted.
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Table 4.1: Number of Experimental Data Tests in Hydrodynamic Drag Testing
Test Type

Specimen
s

Velocity
Measurement
s

Orientations

Height
Measurement
s

Numbe
r of
Tests

Effective
Tests

Velocity
Variation

11

11

2

1

242

242

11

2

4

1

88

66

11

2

1

7

154

132

Orientation
Variation
Height
Variation

440

Total Tests

The effective tests in Table 4.1 signifies the actual experimental tests that were
conducted, totaling 440.

61

62

Chapter 5: Uncertainty Analysis

Careful attention was given to the uncertainty associated with each measurement
in the experimental process. An overview of the Kline-McClintock method is addressed
and each component of the overall experimental uncertainty is described.
5.1 KLINE MCCLINTOCK METHOD
The Kline-McClintock method estimates the propagated uncertainty of the
experimental data. Outlined by Figliola et al. [1995], the method employs a linearized
approximation of the Taylor series expansion of a multivariable function, yielding a
sensitivity index, !i, which relates how each change in the independent variables affect
the overall function. In this analysis, the sensitivity indices are expressed by the partial
derivatives of the multivariable functions, i.e. the drag force equation, the drag coefficient
equation, etc. Likewise, the sensitivity indices are evaluated from the nominal measured
values of the variables. The total estimated uncertainty is:
ΓR = ±

∑ (θ Γ )
L

i =1

2

i

xi

where "R is the uncertainty estimate of the overall function R, L is the number of
independent variables, and "x is the uncertainty associated with each independent
variable x.
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(5.1)

5.2 ERROR
In determining the uncertainty of the experimental data, the three error categories
of measurement processes were considered: 1) calibration errors; 2) data-acquisition
errors; and, 3) data reduction errors [Figliola et al., 1995]. Calibration errors entered into
the reported data due to the calibration technique. Further, data-acquisition errors were
introduced as a result of the input-to-output signal conditioning of the measurement
system. Finally, data reduction errors surfaced in the curve fitting processes and
correlations between measured parameters. Each error has an associated bias and
precision error, and the following discussion outlines these errors in the measurement
taking process.
5.3 DRAG FORCE UNCERTAINTY
The drag force was a linear function of the measured voltage. The uncertainty of
the voltage was first calculated, and the linear fit coefficient uncertainty was evaluated.
5.3.1 Voltage Uncertainty
The voltage uncertainty was due to both bias error of the data acquisition card and
the precision error associated with the sampling process. Bias error is defined as the
constant offset between the average indicated value and actual measured value. For the
voltage reading, the bias error is calculated by the following equation:
B.E.95% =

1
⋅ L.C.
2

(5.2)

where B.E.95% is the bias error at a 95% confidence interval, and L.C. is the instrument’s
least count, or resolution of the measuring device. The least count is determined by the
data acquisition card:
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L.C. =

Range
2 Bits

(5.3)

where Range is the data acquisition card’s volt range, and Bits is the bit number used by
the data acquisition card. This research used a data acquisition card having a volt range
from 0 to 10 Volts with a bit number of 12.
The precision error introduced by the sampling process relates to the changing
output values recorded by the data acquisition system. The precision error is defined as:
P.E.95% = t v ,95% ⋅

Sx
N

(5.4)

where P.E.95% is the precision error at a 95% confidence interval, tv,95% is the student t
estimator, S x is the standard deviation of the sampled voltages, and N is the number of
samples per data set. Consequently, the voltage uncertainty, "Volts, is evaluated by the
following:
ΓVolts = B.E.2 + P.E.2

(5.5)

It should be noted here that these procedures for accumulating the propagated error are
approximate, and not exact. However, the largest sources of error were accounted for,
and therefore the above procedures provide an upper and lower range for each drag force
measurement and subsequent drag coefficient calculation. Chapter 7 shows the drag
measurement results and their respective uncertainty range.

5.3.2 Linear Fit Coefficient Uncertainty
The force balance calibration required a linear curve fit to relate the input force to
an output voltage. Thus, the drag force equation is described by the following:
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FD = C fit ⋅ Volts

(5.6)

where FD is the drag force, Cfit is the linear fit coefficient, and Volts is the recorded
voltage. The precision estimate of the slope associated with the linear fit coefficient is
calculated by the given equation:
ΓC fit = S yx

N
 N 
N ∑ xi −  ∑ xi 
i =1
 i =1 
N

2

(5.7)

2

where ΓC fit is the relative uncertainty of the linear fit coefficient, Syx is the standard error
of the curved fit, N is the number of sampled set, and xi is the input voltage at each point.
The standard error of the curved fit, Syx, is defined by:
N

S yx =

∑ (y
i =1

i

− y ci )

2

ν

(5.8)

where yi is the measured drag force, yci is the curved fit output, and ν is the degrees of
freedom of the fit.
Using the Kline-McClintock method of propagating error, the sensitivity indices
of the drag force equation given in Equation 5.6 are:
∂FD
= Volts
∂C fit

(5.9)

∂FD
= C fit
∂Volts

(5.10)

The resulting equation for the total drag uncertainty is:
2

2
 ∂FD
  ∂FD

ΓVolts 
ΓC fit  + 
ΓFD = 
 ∂C
  ∂Volts

fit
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(5.11)

The total drag uncertainty was used to determine the drag coefficient uncertainty, as
described below.
5.4 DRAG COEFFICIENT UNCERTAINTY
The drag coefficient equation is:
2 FD
ρU 2 A

CD =

(5.12)

The sensitivity indices of the drag coefficient equation are:
∂C D
2
=
∂FD
ρU 2 A

(5.13)

2F
∂C D
= − 2 D2
∂ρ
ρ U A

(5.14)

4 FD
∂C D
=−
∂U
ρU 3 A

(5.15)

∂C D
2 FD
=−
∂A
ρU 2 A 2

(5.16)

The resulting equation for the drag coefficient uncertainty is:
2

2

  ∂C
 ∂C
  ∂C
  ∂C

ΓC D =  D ΓFD  +  D Γρ  +  D ΓU  +  D ΓA 
  ∂A

  ∂U
  ∂ρ
 ∂FD
2

2

(5.17)

The individual uncertainties of each variable denoted by ", e.g. "A or area uncertainty,
were previously determined by the similar process described in sub-section 5.3.1.
5.5 VELOCITY UNCERTAINTY
The velocity equation derived from the differential pressure measured by the
pressure transducer and Pitot probe system is:
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U = 2∆P / ρ

(5.18)

The sensitivity indices of the velocity measurements are:
2
∂U
=
∂∆P 2 ρ ⋅ ∆P / ρ

(5.19)

∂U
∆P ⋅ 2
=− 2
∂ρ
2 ρ ⋅ ∆P / ρ

(5.20)

The resulting equation for the total velocity measurement uncertainty is:

 ∂U
  ∂U
ΓU = 
Γ∆P  + 
Γρ 
 ∂∆P
  ∂ρ

2

2

(5.21)

5.6 PRESSURE UNCERTAINTY
The differential pressure is measured by averaging the pressure readout from the
control meter over one minute. The pressure uncertainty, "#P, is determined by:
Γ∆P =

(B.E.∆P )2 + (P.E.∆P )2

(5.22)

where B.E.∆P is the bias error at 95% confidence interval and P.E.∆P is the precision error
at 95% confidence interval.
5.7 DENSITY UNCERTAINTY
The density of the fluid is calculated by taking the ratio of the measured mass of
the water, m, and the corresponding volume displacement, V , given by:
ρ=

m
V
(5.23)
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The sensitivity indices of the density measurements are:
∂ρ 1
=
∂m V
(5.24)
∂ρ
m
=− 2
∂V
V

(5.25)

The resulting equation for the total density uncertainty is:
  ∂ρ

 ∂ρ
Γρ = 
Γm  + 
ΓV 
  ∂V

 ∂m
2

2

(5.26)

5.8 REYNOLDS NUMBER UNCERTAINTY
The Reynolds number equation is:
Re D =

ρUd
µ

(5.27)

The sensitivity indices of the Reynolds number are:
∂ Re D Ud
=
∂ρ
µ

(5.28)

∂ Re D ρd
=
µ
∂U

(5.29)

∂ Re D ρU
=
µ
∂d

(5.30)

∂ Re D
ρUd
=− 2
∂µ
µ

(5.31)

The resulting equation for the total Reynolds number uncertainty is:
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  ∂ Re D
 ∂ Re D
  ∂ Re D
  ∂ Re D
Γµ 
Γd  + 
ΓU  + 
Γ Re D = 
Γρ  + 
  ∂µ
  ∂d

  ∂U
 ∂ρ
2

2

2

(5.32)

5.9 FROUDE NUMBER UNCERTAINTY
The Froude number equation is:
U

Frh =

(5.33)

gh

The sensitivity indices of the Froude number are:
∂Frh
=
∂U

1

(5.34)

gh

∂Frh
U
=−
∂h
2h ⋅ gh

(5.35)

The resulting equation for the total Froude number uncertainty is:

  ∂Frh
 ∂Frh
Γh 
ΓU  + 
ΓFrh = 

  ∂h
 ∂U
2

2

(5.36)

5.10 SOLIDITY RATIO UNCERTAINTY
The solidity ratio equation is:
φ=

Am
Ac

(5.37)

The sensitivity indices of the solidity ratio are:
1
∂φ
=
∂Am Ac

(5.38)

A
∂φ
= − m2
∂Ac
Ac

(5.39)

The resulting equation for the total solidity ratio uncertainty is:
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  ∂φ
 ∂φ
ΓAc 
ΓAm  + 
Γφ = 

  ∂Ac
 ∂Am

2

(5.40)

5.11 SUMMARY
The associated uncertainty from the experimental measurements is discussed.
Three possible areas of error are analyzed: 1) calibration errors, 2) data acquisition errors,
and 3) data reduction errors. The Kline-McClintock approach is set forth, and the total
estimated uncertainty for the drag force, pressure, velocity, and density measurements
were evaluated. Likewise, the associated uncertainty of the Froude number, Reynolds
number, and solidity ratio are outlined.
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Chapter 6: Hydrodynamic Drag Test Results

This chapter presents the experimental results from the hydrodynamic drag
testing. A review of each experiment test is provided, and the results are shown in six
categories by the following sequence: 1) hydrodynamic drag force as a function of
orientation; 2) hydrodynamic drag force as a function of water speed; 3) drag coefficient
as a function of Reynolds number; 4) drag coefficient as a function of solidity ratio; 5)
hydrodynamic drag force as a function of immersed height variation; and 6) drag
coefficient as a function of Froude number.
6.1 ORIENTATION TEST RESULTS
The orientation testing initially consisted of positioning the IsoTruss® test
specimen at a standard immersed height, approximately 7.10 in (18.09 cm), or a
measured 1.97 in (5.00 cm) from the bottom of the test section. The pump frequency was
set at 30 Hz for each IsoTruss® test specimen, which resulted in an average water
velocity of 1.43 mph (0.64 m/s). The 6-node and 8-node test specimens were rotated
from -20 degrees to +20 degrees for five test measurements. The following figures plot
the measured drag force for the thick and thin test specimens of equivalent configuration.
Symbols are used in the plot legend for brevity purposes, and the α and φ symbols
represent the orientation angle and the solidity ratio, respectively. In addition, the
variable V is the average testing velocity for all five orientations, and the variable h is the
immersed height of the IsoTruss® specimen from the surface of the water.
73

7.00

Hydrodynamic Drag [N]

1.20
5.00

  

   
)   "!"#%$&(' "!

1.00

mph (0.64 m/s), h = 7.13 in (18.10 cm)]
      *
) + , -#%$&(' "!

4.00

0.80

mph (0.64 m/s), h = 7.13 in (18.10 cm)]
3.00

0.60
2.00

0.40

1.00
0.00
-30.0

Hydrodynamic Drag [lbf]

1.40

6.00

0.20

-20.0

-10.0

0.0

Orientation,

10.0

20.0

0.00
30.0

[degrees]

Figure 6.1: Hydrodynamic Drag as a Function of Orientation for 6-Node Single
IsoTruss® Specimens at Maximum Testing Velocity
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Figure 6.2: Hydrodynamic Drag as a Function of Orientation of 6-Node Double
IsoTruss® Specimens at Maximum Testing Velocity
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Figure 6.3: Hydrodynamic Drag as a Function of Orientation of 8-Node Single
IsoTruss® Specimens at Maximum Testing Velocity
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Figure 6.4: Hydrodynamic Drag as a Function of Orientation of 8-Node Double
IsoTruss® Specimens at Maximum Testing Velocity
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Figure 6.6: Hydrodynamic Drag as a Function of Orientation for an 8-Node Single
Small Diameter IsoTruss® Specimen
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6.2 WATER VELOCITY DRAG TEST RESULTS
The hydrodynamic drag versus the water velocity testing is presented in three
distinct ways: the nominal drag force versus the water speed, the non-dimensional drag
coefficient as a function of the Reynolds number, and the average drag coefficient as a
function of solidity ratio. All eleven IsoTruss® test specimens were used in the testing,
and the Aluminum Circular Cylinder specimen was included for reference purposes.
6.2.1 Maximum Drag Force vs. Water Speed
Similar to the orientation testing, the test specimen was placed at a standardized
immersed water height for each test run, approximately 7.10 in (18.10 cm) from the
surface of the water. From the orientation results, each test specimen was positioned in
the measured maximum drag orientation in order to record the maximum drag force. The
pump frequency operated between 0 to 30 Hz, which resulted in an average velocity
range from 0.0 mph (0.0 m/s) to 1.43 mph (0.64 m/s). The following plots show the
individual drag performance for each IsoTruss® test specimen within this velocity range.

77

Water Speed [mph]
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

7.0

Hydrodynamic Drag [N]

1.2
5.0
1.0
4.0

 
3.0

  
"    ! # $%%  !

0.8

h = 7.13 in (18.10 cm)]

0.6

2.0

0.4

1.0

Hydrodynamic Drag [lbf]

1.4

6.0

0.2

0.0

0.0
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Water Speed [m/s]

Figure 6.7: Maximum Hydrodynamic Drag as a Function of Water Speed for a 6-Node
Single Thin IsoTruss® Specimen
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Figure 6.8: Maximum Hydrodynamic Drag as a Function of Water Speed for a 6-Node
Single Thin Rough IsoTruss® Specimen
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Figure 6.9: Maximum Hydrodynamic Drag as a Function of Water Speed for a 6-Node
Single Thick IsoTruss® Specimen
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Figure 6.10: Maximum Hydrodynamic Drag as a Function of Water Speed for a 6-Node
Double Thin IsoTruss® Specimen
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Figure 6.11: Maximum Hydrodynamic Drag as a Function of Water Speed for a 6-Node
Double Thick IsoTruss® Specimen
Water Speed [mph]
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

7.0

Hydrodynamic Drag [N]

1.2
5.0
4.0

= '() * +H, - ./0 + 12- .79
? 8 : ; <> @ 8 D; : :>

1.0

h = 7.13 in (18.10 cm)]

0.8

3.0
0.6
2.0

0.4

1.0

0.2

0.0

0.0
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Hydrodynamic Drag [lbf]

1.4

6.0

0.8

Water Speed [m/s]

Figure 6.12: Maximum Hydrodynamic Drag as a Function of Water Speed for an 8-Node
Single Thin IsoTruss® Specimen
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Figure 6.13: Maximum Hydrodynamic Drag as a Function of Water Speed for an 8-Node
Single Thick Smooth IsoTruss® Specimen
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Figure 6.14: Maximum Hydrodynamic Drag as a Function of Water Speed for an 8-Node
Double Thin IsoTruss® Specimen
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Figure 6.15: Maximum Hydrodynamic Drag as a Function of Water Speed for an 8-Node
Double Thick IsoTruss® Specimen
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Figure 6.16: Maximum Hydrodynamic Drag as a Function of Water Speed for an 8-Node
Helical-Only IsoTruss® Specimen
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Figure 6.17: Maximum Hydrodynamic Drag as a Function of Water Speed for an 8-Node
Small Diameter IsoTruss® Specimen

6.2.2 Drag Coefficient vs. Reynolds Number
The drag coefficient for each test specimen was calculated by either using the area
of the actual member projected area or by using the cylindrical projected area. The
Reynolds number was calculated by using either the actual member diameter or the outer
structure diameter. For consistency purposes, the following figures present the drag
coefficient based on the actual member projected area as a function of the Reynolds
number using the individual member diameter. Likewise, accompanying plots are given
where the drag coefficient based on the cylindrical projected area is a function of the
Reynolds number calculated from the outer structure diameter. The Reynolds number
range using the actual member diameter spanned from 100 to 1,800, whereas the
Reynolds number range applying the outer structure diameter went from 8,000 to 80,000.
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Each plot compares a 6-node specimen that has equal member thickness and is either a
double or single configuration. The results from the 8-Node Helical-Only and 8-Node
Small Diameter test specimens are included for comparative purposes.

Figure 6.18: Maximum Drag Coefficient as a Function of Reynolds Number Based on
the Actual Member Diameter for the 6-Node Thin IsoTruss® Specimens
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Figure 6.19: Maximum Drag Coefficient as a Function of Reynolds Number Based on
the Outer Structure Diameter for the 6-Node Thin IsoTruss® Specimens

Figure 6.20: Maximum Drag Coefficient as a Function of Reynolds Number Based on
the Actual Member Diameter for the 6-Node Thick IsoTruss® Specimens
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Figure 6.21: Maximum Drag Coefficient as a Function of Reynolds Number Based on
the Outer Structure Diameter for the 6-Node Thick IsoTruss® Specimens

Figure 6.22: Maximum Drag Coefficient as a Function of Reynolds Number Based on
the Actual Member Diameter for the 6-Node Thin and 6-Node Thin Rough IsoTruss®
Specimens
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Figure 6.23: Maximum Drag Coefficient as a Function of Reynolds Number Based on
the Outer Structure Diameter for the 6-Node Thin and 6-Node Thin Rough IsoTruss®
Specimens

Figure 6.24: Maximum Drag Coefficient as a Function of Reynolds Number Based on
the Actual Member Diameter for the 8-Node Thin IsoTruss® Specimens
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Figure 6.25: Maximum Drag Coefficient as a Function of Reynolds Number Based on
the Outer Structure Diameter for the 8-Node Thin IsoTruss® Specimens

Figure 6.26: Maximum Drag Coefficient as a Function of Reynolds Number Based on
the Actual Member Diameter for the 8-Node Thick IsoTruss® Specimens
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Figure 6.27: Maximum Drag Coefficient as a Function of Reynolds Number Based on
the Outer Structure Diameter for the 8-Node Thick IsoTruss® Specimens

Figure 6.28: Drag Coefficient as a Function of Reynolds Number for the 0.501 in (1.28
cm) Aluminum Circular Cylinder
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6.2.3 Drag Coefficient vs. Solidity Ratio
From the drag coefficient versus Reynolds number results, an average drag
coefficient for each test specimen was calculated using both area approaches. The
average drag coefficient from both area methods was plotted as a function of the
respective solidity ratio within the given Reynolds number range. Figure 6.29 shows the
data points and a linear and 2nd-order best fits of the averaged drag coefficient as a
function of the solidity ratio. The correlations of the best fits, R2, are further discussed in
Section 7.3.3. The dotted lines on Figure 6.29 represent the extrapolated trends of the
data.
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Figure 6.29: Drag Coefficient as a Function of Solidity Ratio for All IsoTruss®
Specimens
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6.3 HEIGHT VARIATION DRAG TEST RESULTS
The height variation drag testing results are provided in both the nominal drag
force versus immersed height form, and in the non-dimensional form where the drag
coefficient is a function of the Froude number. The Froude number is based on the
structure’s immersed height from the surface of the water. The IsoTruss® specimens
were oriented at the maximum drag orientation, and an average overall velocity of the
height variation tests was recorded. The Aluminum Circular Cylinder test specimen is
included as a reference and for validation purposes.
6.3.1 Maximum Drag Force vs. Height Variation
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Figure 6.30: Maximum Hydrodynamic Drag as a Function of Immersed Height and
Average Water Velocity for the 6-Node Single Thin IsoTruss® Specimen
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Figure 6.31: Maximum Hydrodynamic Drag as a Function of Immersed Height and
Average Water Velocity for the 6-Node Single Thin Rough IsoTruss® Specimen
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Figure 6.32: Maximum Hydrodynamic Drag as a Function of Immersed Height and
Average Water Velocity for the 6-Node Single Thick IsoTruss® Specimen
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Figure 6.33: Maximum Hydrodynamic Drag as a Function of Immersed Height and
Average Water Velocity for the 6-Node Double Thin IsoTruss® Specimen
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Figure 6.34: Maximum Hydrodynamic Drag as a Function of Immersed Height and
Average Water Velocity for the 6-Node Double Thick IsoTruss® Specimen
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Figure 6.35: Maximum Hydrodynamic Drag as a Function of Immersed Height and
Average Water Velocity for the 8-Node Single Thin IsoTruss® Specimen
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Figure 6.36: Maximum Hydrodynamic Drag as a Function of Immersed Height and
Average Water Velocity for the 8-Node Single Thick Smooth IsoTruss® Specimen
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Figure 6.37: Maximum Hydrodynamic Drag as a Function of Immersed Height and
Average Water Velocity for the 8-Node Double Thin IsoTruss® Specimen
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Figure 6.38: Maximum Hydrodynamic Drag as a Function of Immersed Height and
Average Water Velocity for the 8-Node Double Thick IsoTruss® Specimen
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Figure 6.39: Maximum Hydrodynamic Drag as a Function of Immersed Height and
Average Water Velocity for the 8-Node Single Thick Helical-Only IsoTruss® Specimen
6.3.2 Drag Coefficient vs. Froude Number
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Figure 6.40: Maximum Drag Coefficient as a Function of Froude Number for the 6Node Single Thin IsoTruss® Specimen
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Figure 6.41: Maximum Drag Coefficient as a Function of Froude Number for the 6-Node
Single Thin Rough IsoTruss® Specimen
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Figure 6.42: Maximum Drag Coefficient as a Function of Froude Number for the 6-Node
Single Thick IsoTruss® Specimen
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Figure 6.43: Maximum Drag Coefficient as a Function of Froude Number for the 6-Node
Double Thin IsoTruss® Specimen
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Figure 6.44: Maximum Drag Coefficient as a Function of Froude Number for the 6-Node
Double Thick IsoTruss® Specimen
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Figure 6.45: Maximum Drag Coefficient as a Function of Froude Number for the 8-Node
Single Thin IsoTruss® Specimen
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Figure 6.46: Maximum Drag Coefficient as a Function of Froude Number for the 8-Node
Single Thick Smooth IsoTruss® Specimen
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Figure 6.47: Maximum Drag Coefficient as a Function of Froude Number for the 8-Node
Double Thin IsoTruss® Specimen
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Figure 6.48: Maximum Drag Coefficient as a Function of Froude Number for the 8-Node
Double Thick IsoTruss® Specimen
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Figure 6.49: Maximum Drag Coefficient as a Function of Froude Number for the 8-Node
Single Helical-Only IsoTruss® Specimen
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Figure 6.50: Maximum Drag Coefficient as a Function of Froude Number for the 0.501
in (1.28 cm) Aluminum Circular Cylinder
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6.4 SUMMARY
This section presents the experimental results from the hydrodynamic drag
testing. All eleven IsoTruss® test specimens are used in the testing, and the Aluminum
Circular Cylinder test results are also provided. The results are shown in six categories in
the following sequence: 1) Hydrodynamic drag force as a function of orientation; 2)
Hydrodynamic drag force as a function of water speed; 3) Drag coefficient as a function
of Reynolds number; 4) Drag coefficient as a function of solidity ratio; 5) Hydrodynamic
drag force as a function of immersed height variation; and, 6) Drag coefficient as a
function of Froude number.
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Chapter 7: Discussion of Hydrodynamic Drag Test Results

The following chapter discusses the results presented in Chapter 6, focusing
primarily on: 1) any observable trends for the 6-node and 8-node test specimens; 2)
comparisons between the IsoTruss® hydrodynamic data to published drag data of
cylinders and other lattice structures; and, 3) the relative uncertainty of the hydrodynamic
measurements. Particular attention is given to the orientation test results, the velocity
drag testing results, and the height variation test results. Finally, the hydrodynamic test
results are compared and contrasted to the aerodynamic testing results from the
experimentation conducted by Fowkes [2003].
7.1 ORIENTATION TEST RESULTS
The orientation testing of ten IsoTruss® configurations produced significant
trends in the data. The objective of the orientation testing was to further establish the
results from the aerodynamic testing, where each configuration had a designated
maximum drag, and a universal orientation where minimum drag was experienced. The
following analysis focuses initially on the hydrodynamic orientation data and makes
comparisons to the aerodynamic testing.
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7.1.1 Hydrodynamic Data Results
The hydrodynamic orientation results are evaluated categorically from a 6-node
and 8-node configuration viewpoint, and the overall trends of the orientation data are
discussed. The results are shown with the hydrodynamic drag force as a function of the
orientation (in degrees). The relative uncertainty error of each measurement is provided
after the results are discussed. Figure 7.1 shows the drag results of the 6-node test
specimens as a function of orientation.
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Figure 7.1: Hydrodynamic Drag as a Function of Orientation for 6-Node Test Specimens

From Figure 7.1, the minimum drag orientation for all four 6-node configurations
was at 0.0 degrees. The 6-Node Single Thick and 6-Node Single Thin specimens
exhibited the greatest difference between the maximum and minimum drag force at 0.061
lbf (0.267 N) and 0.031 lbf (0.138 N), or 10.0% and 8.6 % of the average drag force,
respectively. Conversely, the 6-Node Double Thick and the 6-Node Double Thin test
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specimens demonstrated the least variance between the maximum and minimum loading
at 0.024 lbf (0.108 N) and 0.051 lbf (0.227 N), or 4.6% and 4.2%, respectively. These
results denote a trend that the thick membered specimens have greater maximum to
minimum drag differences than the same configuration thin membered specimens. One
possible source for this difference may reside in the potential increase of manufacturing
error that result with thicker members. Variation from member to member can produce
different solidity ratios with respect to orientation, and thus result in higher drag force.
Further discussion of the solidity ratio and its impact on drag is discussed later.
Confirmation of the manufacturing variance was found by Fowkes [2003], who
discovered greater variation in the thick-membered specimens.
Also, the 6-Node Single Thick specimen and 6-Node Double Thin specimen were
similar in resulting drag force. Despite their configuration dissimilarity, the 6-Node
Single Thick specimen has a solidity ratio of 0.432, while the 6-Node Double Thin
specimen has a solidity ratio of 0.439. The less than 2% solidity ratio difference
contributes to explaining why the two different configurations exhibit similar
hydrodynamic drag. Similarly, the 6-Node Double Thick specimen has a maximum
solidity ratio of 0.701, which is approximately 1.6 times greater than the solidity ratio of
the 6-Node Double Thin and 6-Node Single Thick specimens. The 6-Node Double Thick
specimen experienced an almost equally proportional drag difference to solidity ratio
difference of the 6-Node Single Thick and 6-Node Double Thin specimens. However,
the 6-Node Single Thick specimen experienced a maximum drag at 20.0 degree
orientation versus the 6-Node Double Thin specimen having a maximum drag at 15.0
degree orientation. Thus, from the 6-Node specimen data, the solidity ratio governs the
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nominal hydrodynamic drag on the structure whereas the geometry determines
orientation where maximum drag occurs.
Similar to the 6-node test specimens, the 8-node orientation test results showed
general trends in the drag data. Figure 7.2 shows the 8-node orientation test results,
including the 8-Node Helical-Only specimen and the 8-Node Small Diameter test
specimen.
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Figure 7.2: Hydrodynamic Drag as Function of Orientation for 8-Node Test Specimens

Similar to the 6-node test specimens, the 8-node test specimens shown in Figure
7.2 depict a minimum hydrodynamic drag force at 0.0 degrees orientation. This result is
significant in that all test specimens exhibit a minimum hydrodynamic drag force at the
0.0 degree orientation, where the water flow is aligned with the nodes of the structure.
This phenomenon can be explained by the following: by offsetting the nodes or orienting
the nodes where the flow direction and the nodes are misaligned, a greater degree of drag
is experienced due to an increase in solidity ratio. In other words, the flow experiences a
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greater degree of solid member blockage, which results in greater drag. The effect of
solidity ratio can be observed in the 8-node test specimens, where the 8-Node Double
Thick test specimen has the highest solidity ratio at 0.788 at 10.0 degrees orientation with
a hydrodynamic force of 1.387 lbf (6.138 N), whereas the 8-Node Single Thin test
specimen has a maximum solidity ratio of 0.34 at 15.0 degrees orientation with a
hydrodynamic force of 0.449 lbf (1.998 N). In similar fashion to the 6-node specimens,
the thick-membered 8-Node test specimens produced a higher variance between the
maximum and minimum drag forces than the thin-membered 8-Node test specimens.
For an overall view of the orientation results, Figure 7.3 shows all ten IsoTruss®
test specimens and their hydrodynamic drag force as a function of orientation.
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Figure 7.3: Hydrodynamic Drag as a Function of Orientation for All Test Specimens

Each test specimen shown in Figure 7.3 has a specific orientation where the maximum
drag occurs, whereas the minimum drag orientation is 0.0 degrees for all test specimens.
The 8-Node Double Thick and 6-Node Double Thick specimens experienced nearly twice
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the hydrodynamic drag force than the other IsoTruss® test specimens, in large part due to
their double configuration with thick members, producing a higher solidity ratio. As a
generalization, the higher the solidity ratio resulted in a higher measured drag force.
Table 7.1 lists the configuration and the resulting maximum drag orientation, with their
relative ranking of solidity ratio and average drag force ranking. The ranking goes from
lowest to highest, where 1 is the lowest drag rank and solidity ratio and 10 is the highest.

Table 7.1: Maximum Drag Orientations for IsoTruss® Test Specimens with
Corresponding Ranking of Average Drag Force and Solidity Ratio
IsoTruss® Configuration

Max. Drag
Orient.
[degrees]

6-Node Single Thin
6-Node Single Thick
6-Node Double Thin
6-Node Double Thick
8-Node Single Thin
8-Node Single Thick Smooth
8-Node Double Thin
8-Node Double Thick
8-Node Helical-Only
8-Node Small Diameter

-20.00
20.00
15.00
12.50
15.00
11.25
11.25
10.00
11.25
15.00

Solidity
Ratio

Avg. Drag
Rank

Solidity
Ratio
Rank

0.267
0.432
0.439
0.701
0.34
0.56
0.556
0.788
0.342
0.71

1
6
5
9
3
7
8
10
4
2

1
4
5
8
2
7
6
10
3
9

In Table 7.1, the average drag rank and the solidity ratio rank correspond to each other
within one rank with the exception of the 8-Node Small Diameter test specimen.
Although the 8-Node Small Diameter test specimen has a large solidity ratio at 0.71, the
nominal drag force is lower due to less actual material in the water. Therefore,
comparisons of the solidity ratio with respect to drag force should be restricted to same
outer diameter structure specimens. Table 7.2 shows a modified ranking with the 8-Node
Small Diameter test specimen excluded.
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Table 7.2: Modified Ranking of the IsoTruss® Test Specimens with Corresponding
Solidity Ratio and Average Drag Force
IsoTruss® Configuration

Avg.
Drag
[N]

Solidity
Ratio

Avg.
Drag
Rank

Solidity
Ratio
Rank

6-Node Single Thin
6-Node Single Thick
6-Node Double Thin
6-Node Double Thick
8-Node Single Thin
8-Node Single Thick Smooth
8-Node Double Thin
8-Node Double Thick
8-Node Helical-Only

1.60
2.68
2.56
4.89
1.94
2.97
3.49
6.04
2.04

0.267
0.432
0.439
0.701
0.34
0.56
0.556
0.788
0.342

1
5
4
8
2
6
7
9
3

1
4
5
8
2
7
6
9
3

By removing the 8-Node Small Diameter test specimen, Table 7.2 clearly shows the
relationship between the average drag force ranking and the solidity ratio ranking. Thus,
further investigation will demonstrate the importance of the solidity ratio in determining
the drag coefficient, whereas here it is only indicative of the relationship of the
hydrodynamic drag force.
In order to ascertain the degree of certainty of the orientation results, the
uncertainty of the hydrodynamic drag force and corresponding orientation uncertainty
were determined. As an example of the typical uncertainty seen in the test specimens, the
relative uncertainty of the hydrodynamic drag force of a 6-Node Single Thin specimen is
shown in Figure 7.4.
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Figure 7.4: Uncertainty Bars of Hydrodynamic Drag as a Function of Orientation for 6Node Single Thin Test Specimen

The maximum uncertainty error in Figure 7.4 is 10.1%, and is significant in
determining the maximum drag orientation, particularly in the thin-membered specimens,
like the 6-Node Single Thin specimen, where a smaller variance between the maximum
drag and minimum drag was observed. At a 95% confidence level, the average
uncertainty of the measured hydrodynamic drag force for the 6-Node Single Thin
specimen was 0.032 lbf (0.16 N), which is higher than the 0.031 lbf (0.138 N) variance
between the maximum and minimum drag force. In contrast, the 8-Node Single Thick
Smooth specimen has nearly a 31% variance between the maximum and minimum drag
force with an uncertainty error of 16%. Thus, the confidence that the maximum drag
orientation was determined for the given orientations is specimen dependent.
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7.1.2 Comparison to Aerodynamic Orientation Data
The primary objective of comparing the hydrodynamic orientation data to the
aerodynamic orientation data is to examine if similar trends exist. Table 7.3 shows the
aerodynamic orientation results for all test specimens taken by Fowkes [2003] in
comparison to the hydrodynamic orientation results. It should be noted that the 8-Node
Small Diameter test specimen was not tested by Fowkes.
Table 7.3: Maximum Drag Orientation for Aerodynamic and Hydrodynamic Drag for All
Test Specimens
Max. Aero. Drag
Max. Hydro.
Orientation
Drag Orientation
IsoTruss® Configuration
[degrees]
[degrees]
6-Node Single Thin
-20.00
-20.00
6-Node Single Thick
20.00
20.00
6-Node Double Thin
15.00
15.00
6-Node Double Thick
12.50
12.50
8-Node Single Thin
15.00
15.00
8-Node Single Thick Smooth
11.25
11.25
8-Node Double Thin
11.25
11.25
8-Node Double Thick
-10.00
10.00
8-Node Helical-Only
-11.25
11.25
8-Node Small Diameter
n/a
15.00

From Table 7.3, the maximum aerodynamic and hydrodynamic drag orientations are
nearly identical except for the ± sign on two configurations: 8-Node Double Thick and 8Node Helical-Only test specimens. The similarity between the aerodynamic and
hydrodynamic drag sets were expected since the same specimens were used in both
experiments. One possible reason that there exists a discrepancy on the positive/negative
sign orientation of the 8-Node Double Thick and 8-Node Helical test specimens is due to
not knowing which orientation was used in the aerodynamic testing. Thus, it is possible
that the aerodynamic testing used the one side of the specimens as the leading side in the
wind tunnel, whereas the hydrodynamic testing used the aerodynamic leading side as the
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trailing side. However, despite the sign difference, it is conclusive that both the
hydrodynamic and aerodynamic data have the same magnitude for the maximum drag
orientation. The velocity drag testing and height variation testing used these drag
orientation results.
7.2 VELOCITY DRAG TESTING
The velocity drag testing as discussed here is the drag force at the maximum
orientation as a function of water speed. Using all eleven IsoTruss® configurations, the
objective of the velocity drag testing was to quantify the hydrodynamic drag force
experienced by each configuration, and to observe any trends in the data. The drag
coefficient as a function of Reynolds number is analyzed later in Section 7.3.
7.2.1 Hydrodynamic Drag Force vs. Water Speed
Similar to the hydrodynamic orientation discussion, the velocity drag
testing results are discussed sequentially by the 6-node and 8-node geometry. Figure 7.5
presents the hydrodynamic drag as a function of water speed for all five 6-node test
specimens.
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Figure 7.5: Hydrodynamic Drag as a Function of Water Speed for 6-Node Test
Specimens

From Figure 7.5, the 6-Node Double Thick specimen has a drag force that is
approximately twice the measured drag force of the 6-Node Single Thick and 6-Node
Double Thin specimens at maximum velocity. Also, the 6-Node Single Thick and 6Node Double Thin specimens have nearly equal hydrodynamic force throughout the
velocity range. This similarity is identical to the orientation testing results, where the 6Node Single Thick and 6-Node Double Thin specimens produced equivalent
hydrodynamic drag.
In addition, the drag force of the 6-Node Single Thin Rough specimen is roughly
16% greater than the drag force on the 6-Node Single Thin specimen at a maximum
velocity of 1.43 mph (0.64 m/s). This result is significant in evaluating whether the
surface roughness of the actual members of the IsoTruss® specimen has an appreciable
113

effect on the hydrodynamic drag performance. In order to assess the surface roughness
effect, the uncertainty of the hydrodynamic drag measurements was investigated. Figure
7.6 shows the uncertainty bars of the 6-Node Single Thin and 6-Node Single Thin Rough
Specimens at a 95% confidence level.
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Figure 7.6: Uncertainty Bars of Hydrodynamic Drag Force as a Function of Water Speed
for 6-Node Single Thin and 6-Node Single Rough Test Specimens

Using the uncertainty bars at a 95% confidence level, the hydrodynamic force on the 6Node Single Thin Rough is within the uncertainty of the hydrodynamic force on the 6Node Single Thin specimen throughout the entire velocity range. Thus, it cannot be
deduced that surface roughness has a significant impact on the resulting hydrodynamic
drag force due to the uncertainty level. In contrast, the 16% drag force increase on the 6Node Single Thin Rough Specimen is more accurately attributed to the larger solidity
ratio of 0.383 compared to the solidity ratio of the 6-Node Single Thin specimen at 0.267.
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As discussed previously in the orientation data, an increase in solidity ratio correlates to
an increase in the experienced drag force.
Likewise, the hydrodynamic drag force of six 8-node test specimens was
measured. Figure 7.7 shows the drag force of the 8-Node test specimens as a function of
water speed.
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Figure 7.7: Hydrodynamic Drag as a Function of Water Speed for 8-Node Test
Specimens

The hydrodynamic drag force on the 8-Node Double Thick shown in Figure 7.7 is
approximately twice the force than the 8-Node Double Thin and 8-Node Single Thick
Smooth test specimens. This result is congruent with the 6-node test specimens, where
the double thick configuration exceeded the other 6-node test specimens by nearly twice
the drag force. Also, the drag force on the 8-Node Double Thin specimen and 8-Node
Single Thick smooth test specimens was within 4% at the maximum velocity of 1.41 mph
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(0.63 m/s). Their similarity in hydrodynamic drag can be explained by the 2% solidity
ratio difference between the 8-Node Double Thin and 8-Node Single Thick test
specimen, resulting in fairly identical drag force results.
Another significant finding that can be seen from Figure 7.7 is the comparison
between the 8-Node Small Diameter test specimen and the 8-Node Single Thin test
specimen. In particular, the 8-Node Small Diameter specimen was manufactured for the
primary purpose of determining whether the outer structure diameter is more relevant to
the consequent hydrodynamic drag than the actual member size. Having equivalent
actual member diameters and identical configurations, the outer structure diameter of the
8-Node Single Thin specimen is approximately twice the size of the 8-Node Small
Diameter test specimen. As shown in Figure 7.7, the hydrodynamic drag force of the 8Node Single Thin specimen is approximately equal to the drag force on the 8-Node Small
Diameter test specimen throughout the velocity range, with an average deviation of 8%
hydrodynamic force. This finding suggests that the outer structure diameter is not as
significant in the hydrodynamic drag force on the IsoTruss® specimen, and that the
actual member diameter governs the drag force on the structure.
All eleven IsoTruss® test specimens and the Aluminum Circular Cylinder test
specimen are presented in Figure 7.8 as a reference for the corresponding hydrodynamic
drag as a function of water speed.
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Figure 7.8: Hydrodynamic Drag as a Function of Water Speed for All Test Specimens

Figure 7.8 clearly demonstrates the trend of an increasing drag force with an increasing
water speed, where the 8-Node Double Thick test specimen reaches 1.31 lbf (5.84 N) at a
maximum speed of 1.31 mph (0.63 m/s). In addition, there exists the stated trend of the
drag force proportional to the solidity ratio regardless of member thickness and
configuration, exemplified by the 8-Node Single Thick/8-Node Double Thin test
specimens and the 6-Node Double Thin/6-Node Single Thick test specimens. Also, the
Aluminum Circular Cylinder specimen, having a 0.50 in (1.3 cm) outer diameter, is
significantly lower than the rest of the IsoTruss® specimens due to the relative structural
size difference between the cylinder and the IsoTruss® specimens. The cylinder was
constrained to the diameter size in order to minimize solid blockage in the water tunnel,
and thus it is expected that a circular cylinder of equivalent size to the IsoTruss®
specimens would have experienced greater drag, as shown by Fowkes [2003] in a larger
tunnel test section where solid blockage was not as critical.
117

The relative uncertainty of the hydrodynamic drag force measurements as a
function of the water speed is shown in Figure 7.9, where the 8-Node Single Thin
specimen typifies the uncertainty for all eleven IsoTruss® test specimens.
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Figure 7.9: Uncertainty Bars of Hydrodynamic Drag as a Function of Water Speed for 8Node Single Thin Test Specimen

The uncertainty bars employ a 95% confidence level, and it is evident from Figure 7.9
that the uncertainty increases as the water speed increases. The chief source of this
uncertainty is derived from an increased variance in voltage readout from the force
balance as the water speed increases. However, the degree of force uncertainty is
acceptable from the standpoint of determining the general trends of the hydrodynamic
data.
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7.3 NON-DIMENSIONAL VELOCITY DRAG TESTING
The non-dimensional velocity drag testing results is the core of this research with
respect to engineering applications. The intent of presenting this data in non-dimensional
form is to provide the engineer with a drag coefficient as a function of Reynolds number
or solidity ratio, and to better understand the physics of the flow. The Reynolds number
is calculated from the particular fluid properties and velocity on the IsoTruss® structures.
Another non-dimensional parameter, the solidity ratio, is dependent on the solid member
area of the structure. For comprehensive purposes, the hydrodynamic data is provided as
a function of two different Reynolds numbers: 1) based on the actual member diameter;
and, 2) based on the outer structure diameter. The drag coefficient is also shown as a
function of two different areas: 1) solid member projected area; and, 2) total cylindrical
projected area. The drag coefficient is also shown as a function of the solidity ratio, and
compared to other lattice structures. The uncertainty of each non-dimensional form is
consequently shown, and the hydrodynamic data is compared to the aerodynamic data.
7.3.1 Hydrodynamic Testing: Drag Coefficient vs. Reynolds Number
All eleven IsoTruss® configurations were used in the hydrodynamic drag testing
where the drag coefficient is a function of the Reynolds number. The Aluminum Circular
Cylinder specimen is included as a reference. Each test specimen was positioned in the
water tunnel at the maximum drag orientation determined by the previous orientation
testing. Figure 7.10 shows the maximum drag coefficient as a function of the Reynolds
number based on the actual member diameter for all test specimens.
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Figure 7.10: Drag Coefficient as a Function of Reynolds Number Based on Actual
Member Diameter for All Test Specimens

In Figure 7.10, the maximum drag coefficient is based on the actual member projected
area calculated by Pro-Engineer®. The 8-Node Double Thick test specimen produced the
maximum average drag coefficient of 1.60, whereas the 6-Node Single Thin test
specimen was measured with the minimum average drag coefficient at 1.13. By way of
comparison, the published data of a smooth circular cylinder achieved a minimum
average drag coefficient of 0.94 within the given Reynolds number. One particular note
from Figure 7.10 is the drag coefficient of the 8-Node Small Diameter test specimen,
which exhibits a high average drag coefficient of 1.71 between the Reynolds number
range of 200 to 800. This data is best explained by the relative large uncertainty at the
lower Reynolds numbers, as shown in Figure 7.11.
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Figure 7.11: Uncertainty Bars for Drag Coefficient as a Function of Reynolds Number
Based on Actual Member Diameter for 8-Node Small Diameter Test Specimen

The uncertainty bars in Figure 7.11 are taken using a 95% confidence level, and the
largest error is seen between the Reynolds number range of 100 to 700. The source of
this error is attributed to the lack of resolution in the pressure transducer at reading low
velocities. As the velocities increase, or as the Reynolds number increases, the resolution
error gradually declines. Thus, the high drag coefficient for the 8-Node Small Diameter
test specimen within the Reynolds number range of 100 to 500 is primarily due to the
large uncertainty, and cannot be considered phenomena related.
Using a Reynolds number based on the outer structure diameter and a drag
coefficient based on the total cylindrical projected area, Figure 7.12 provides the
hydrodynamic data for each IsoTruss® specimen between the Reynolds number range of
3,000 and 80,000.
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Figure 7.12: Drag Coefficient as a Function of Reynolds Number Based on Outer
Structure Diameter for All Test Specimens

Figure 7.12 illustrates the independent drag coefficient behavior of each test specimen
when the drag coefficient is based on the total cylindrical projected area. By inspection,
the primary reason for the variation in the average drag coefficient for each test specimen
is directly related to the solidity ratio [Fowkes 2003]. In regards to the hydrodynamic
data, an example of the solidity ratio effect can be evaluated by looking at the maximum
and minimum solidity ratios of the test specimens. The 8-Node Double Thick test
specimen has the maximum solidity ratio of 0.788 and a resulting maximum average drag
coefficient based on outer structure diameter of 1.26. In contrast, the 6-Node Single Thin
test specimen has a minimum solidity ratio at 0.267 and a corresponding minimum
average drag coefficient based on outer structure diameter of 0.30. This suggests that the
solidity ratio governs the resulting average drag coefficient, and is discussed in greater
detail in Sub Section 7.3.3.
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Although the solidity ratio is the primary factor in determining the average drag
coefficient, the data represented in Figure 7.12 also reveals that the IsoTruss®
configuration can influence the drag coefficient. The average drag coefficient of the
smooth circular cylinder data was 0.96 within the Reynolds number range of 3,000 and
70,000, which was eclipsed only by the 8-Node Double Thick test specimen at an average
drag coefficient of 1.26. Despite having a lower solidity ratio than the circular cylinder,
the 8-Node Double Thick test specimen has an estimated 31% higher average drag
coefficient. Potential sources for this drag coefficient increase may be attributed to the
trailing vortices from the leading members of the test specimen that produce flow
separation, and subsequently induce a higher drag on the IsoTruss® structure. This
finding must be further investigated in research that is beyond the scope of this thesis.
To fully ascertain the accuracy of the calculated drag coefficient data, Figure 7.13
shows the uncertainty of the 6-Node Single Rough test specimen data at a 95%
confidence level, which is the highest uncertainty of the test specimens due to variability
in the surface roughness.
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Figure 7.13: Uncertainty Bars for Drag Coefficient as a Function of Reynolds Number
Based on Actual Member Diameter for 6-Node Single Rough Test Specimen

The chief source of the high uncertainty exhibited in Figure 7.13 is the lack of
resolution in the pressure transducer used to measure velocity at lower Reynolds
numbers. Since the velocity is taken to the second order to calculate the drag coefficient,
the velocity uncertainty is further pronounced in the drag coefficient uncertainty.
However, beyond a Reynolds number of 1,000 where the characteristic length is the
actual member diameter, the relative drag coefficient uncertainty error decreases greatly
in Figure 7.13. This finding implies that the Reynolds number range based on actual
member diameter has greater testing reliability between the Reynolds number range of
1,000 and 2,000.
Using the drag coefficient data as a function of the Reynolds number, the
Aluminum Circular Cylinder test specimen data is compared to published data for a
smooth circular cylinder. Verification of the measured data to published data further
demonstrates the validity of the testing procedure and results of the IsoTruss® test
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specimens. Figure 7.14 shows the drag coefficient as a function of Reynolds number
provided by Achenbach [1963] for a smooth circular cylinder.
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Figure 7.14: Published Results of Drag Coefficient as a Function of Reynolds Number
for a Smooth Circular Cylinder [Achenbach]

The dashed box on Figure 7.14 indicates the Reynolds number range used in the testing
of the Aluminum Circular Cylinder test specimen, which was between 1,000 and 8,000.
Figure 7.15 displays the drag coefficient as a function of the Reynolds number for the
measured data of the Aluminum Circular Cylinder and the published Achenbach data.
The uncertainty bars are taken from a 95% confidence level, and were placed on the
measured data for comparative purposes. The uncertainty relative to the published results
was not provided on a data point level, and therefore is not shown.
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Figure 7.15: Drag Coefficient as a Function of Reynolds Number Between 1,000 to
8,000 for Aluminum Circular Cylinder with Uncertainty Bars Compared to Published
Results [Achenbach, 1968]

In Figure 7.15, the measured drag data with the attached uncertainty bars is highly
comparable to the published cylinder data. The average drag coefficient for the measured
data is 0.92, whereas the average drag coefficient for the published data is 0.82. The
major region for this discrepancy is located in the Reynolds number range from 1,800 to
2,500. However, the large uncertainty bars on the measured data incorporate the
published data within the 1,800 to 2,500 Reynolds number range. The relative agreement
between the published and measured data further establishes the validity of the
hydrodynamic drag testing procedure and the consequent IsoTruss® test results.
7.3.2 Comparison to Aerodynamic Data: Drag Coefficient vs. Reynolds Number
In order to compare the drag coefficient of the hydrodynamic data to the
aerodynamic data, specific Reynolds numbers were chosen from both data sets and the
corresponding drag coefficients for each test specimen were reviewed. The Reynolds
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number in this comparison is based on the outer structure diameter. Using this Reynolds
number, the hydrodynamic data has a Reynolds number range between 3,000 and 80,000,
whereas the aerodynamic data has a Reynolds number range between 20,000 and
360,000. Thus, two Reynolds numbers were selected for comparisons purposes which
were included in both data sets: the Reynolds number of 40,000 and 60,000. These
Reynolds numbers were selected on the finding that the associated uncertainty decreased
for both data sets at higher Reynolds numbers. Table 7.4 shows the drag coefficient for
each specimen taken by the aerodynamic and hydrodynamic drag tests, and the percent
difference between the data sets.

Table 7.4: Drag Coefficients and Percent Deviation at Reynolds Numbers of 40,000 and
60,000 for Hydrodynamic and Aerodynamic Data Sets for All IsoTruss® Test Specimens
Re = 40,000
Re = 60,000
IsoTruss® Configuration
CD
CD
CD
CD
% ∆
% ∆
6-Node Single Thin
6-Node Single Thick
6-Node Double Thin
6-Node Double Thick
6-Node Single Thin Rough
8-Node Single Thin
8-Node Single Thick Smooth
8-Node Double Thin
8-Node Double Thick
8-Node Helical-Only

Hydro.

Aero.

0.30
0.55
0.60
1.03
0.42
0.47
0.75
0.86
1.25
0.42

0.33
0.54
0.57
0.81
0.41
0.46
0.61
0.75
0.90
0.40
Avg.

7.5
2.8
5.3
27.4
2.4
2.8
21.8
14.5
39.2
4.1
12.8

Hydro.

Aero.

0.29
0.58
0.60
1.03
0.42
0.46
0.77
0.84
1.20
0.44

0.32
0.53
0.55
0.82
0.41
0.44
0.60
0.73
0.84
0.38
Avg.

8.9
9.2
8.7
26.6
3.2
3.9
29.0
16.2
42.1
16.5
16.4

General trends can be extracted from Table 7.4. From an overall perspective, there was
better agreement at the 40,000 Reynolds number with an average percent deviation of
12.8. Conversely, the percent deviation at a Reynolds number of 60,000 is approximately
16.4, which is 28% higher than the percent deviation at the 40,000 Reynolds number.
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Thus, the hydrodynamic and aerodynamic drag sets deviated less at a lower Reynolds
number.
Another trend that can be gleaned from Table 7.4 is the effect of the solidity ratios
on the percent deviation. The test specimens that have a solidity ratio between 0.25 and
0.50 averaged a percent deviation of 4.5 at the 40,000 Reynolds number and 6.5 at the
60,000 Reynolds number. In contrast, the test specimens that have a solidity ratio
between 0.50 and 0.80 averaged a percent deviation of 25.7 at the 40,000 Reynolds
number and 28.5 at the 60,000 Reynolds number. The large percent discrepancy at the
higher solidity ratios can be attributed to the greater drag force measurement uncertainty.
The IsoTruss® specimens at lower solidity ratios have a lower measurement uncertainty.
For a clearer understanding of the existing measurement uncertainty between the
hydrodynamic and aerodynamic drag data, Figure 7.16 shows the drag coefficient as a
function of the Reynolds number for the 6-Node Single Thin and the 6-Node Double
Thick test specimens with the associated uncertainty. The uncertainty bars depict the
95% confidence level, and the 6-Node Single Thin test specimen has a solidity ratio of
0.267, whereas the 6-Node Double Thick test specimen has a solidity ratio of 0.701.
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Figure 7.16: Drag Coefficient and Relative Uncertainty as a Function of the Reynolds
Number for the 6-Node Single Thin and the 6-Node Double Thick Test Specimens

As shown in Figure 7.16, the hydrodynamic uncertainty of the 6-Node Double Thick test
specimen is significantly higher than the measurement uncertainty of the 6-Node Single
Thin test specimen. Also, the aerodynamic data is within the uncertainty bars of the
hydrodynamic data on both the 6-Node Single Thin and 6-Node Double Thick test
specimen data. This demonstrates that the discrepancy between the two data sets is
largely due to measurement error within a 95% confidence level, particularly with test
specimens having solidity ratios beyond 0.50, and does not represent flow behavior
differences amid the aerodynamic and hydrodynamic data.
7.3.3 Hydrodynamic Testing: Drag Coefficient vs. Solidity Ratio
From the orientation, velocity drag force, and non-dimensional analysis, the
solidity ratio of the IsoTruss® structure has proven to be the most significant parameter
in determining the resulting drag, both by nominal force and from a non-dimensional
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standpoint. To further confirm this result, Figure 7.17 shows the drag coefficient as a
function of the solidity ratio for all test specimens.
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Figure 7.17: Drag Coefficient as a Function of Solidity Ratio for All Test Specimens
within Reynolds Numbers Range of 3,000 to 80,000 Based on Outer Structure Diameter
Linear and 2nd-order best fits and their correlation factors were additionally provided in
Figure 7.17 with the intent that the best fits would allow for further predictions of the
drag coefficient on the IsoTruss® structures. The curved fits demonstrate a higher
correlation factor of 0.98 compared to 0.92 for the drag coefficient based on total
cylindrical projected area. Hoerner [1965] used linear best fits for the drag coefficient
based on total cylindrical projected area, and the consequent predicting equation for drag
coefficient based on total cylindrical projected area as a function of solidity ratio is given
in Equation 7.1:
C D = 1.451φ
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(7.1)

where CD is the drag coefficient and φ is the calculated solidity ratio. Equation 7.1 is
extremely valuable from an applications standpoint, where the drag coefficient can be
accurately predicted once the solidity ratio is determined.
It is instructive to view the uncertainty associated with the drag coefficient as a
function of solidity ratio to better understand the data variation at higher solidity ratios.
Figure 7.18 shows the average uncertainty for each specimen at a 95% confidence level,
where the drag coefficient is represented as a function of solidity ratio for all IsoTruss®
test specimens.
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Figure 7.18: Uncertainty Bars of Drag Coefficient as a Function of Solidity Ratio for All
Test Specimens

Qualitatively, the average uncertainty clearly increases with solidity ratio in Figure 7.18
for the drag coefficient based on both the actual member projected area and the total
cylindrical projected area. In particular, the average uncertainty within the solidity ratio
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range of 0.55 to 0.80 is approximately 10.7% for the drag coefficient based on actual
member projected area and 11.1% based on total cylindrical projected area. In contrast,
the average uncertainty within the solidity ratio range of 0.25 to 0.55 is nearly 4.5% for
the drag coefficient based on actual member projected area and 10.1% based on total
cylindrical projected area. Thus, the uncertainty within the solidity range of 0.55 to 0.80
is nearly 5-6% greater than the solidity range of 0.25 to 0.55 for the drag coefficient
based on actual member projected area, and contributes to a lowered linear fit correlation
factor.
Another method of analyzing the drag coefficient of the IsoTruss® test specimens
as a function of the solidity ratio is by comparing the test specimens to lattice beams.
Using data published by Hoerner [1965] on lattice beams, Figure 7.19 show how the
IsoTruss® test specimen data compares when the drag coefficient is a function of the
solidity ratio.
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Figure 7.19: Drag Coefficient as a Function of Solidity Ratio for Lattice Beams in
Comparison to IsoTruss® Test Specimens

Several trends exist between the data published by Hoerner [1965] and the drag
coefficient data from the hydrodynamic testing of the IsoTruss® structures, as displayed
in Figure 7.19. The drag coefficient of the IsoTruss® specimens based on cylindrical
projected area has a linear relationship with the solidity ratio nearly identical to the linear
relationship of the lattice beams based on the frontal projected area. Also, the drag
coefficient for the IsoTruss® structures based on actual member projected area is
similarly linear to the lattice beams within the solidity ratio range of 0.25 to 0.70. Within
the 0.25 to 0.70 range, the average drag coefficient of the IsoTruss® specimens is 1.31,
whereas the average drag coefficient for the lattice beams is 1.50. One possible reason
for the discrepancy may be ascribed to configuration and geometry difference, where the
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frontal, rectangular body of the lattice beams experiences a higher drag versus the
circular cross-sections of the IsoTruss® members. Regardless of the average drag
coefficient difference, the IsoTruss® test specimens demonstrated the general drag
behavior of other lattice beams when plotting the drag coefficient as a function of the
solidity ratio.
7.3.4 Comparison to Aerodynamic Data: Drag Coefficient vs. Solidity Ratio
Similar to comparing the drag coefficient as a function of the Reynolds number,
the non-dimensional parameter of the solidity ratio enables the hydrodynamic and
aerodynamic drag coefficient data to be easily evaluated. Table 7.5 shows the percent
difference of the drag coefficient as a function of solidity ratio between the
hydrodynamic and aerodynamic data sets.
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Table 7.1: Percent Difference of Drag Coefficient between Aerodynamic and Hydrodynamic Data Set for All Test
Specimens
IsoTruss® Configuration
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6-Node Single Thin
6-Node Single Thick
6-Node Double Thin
6-Node Double Thick
6-Node Single Thin Rough
8-Node Single Thin
8-Node Single Thick Smooth
8-Node Double Thin
8-Node Double Thick
8-Node Helical-Only
Average
Std. Deviation

φ
0.267
0.432
0.439
0.701
0.383
0.340
0.560
0.556
0.788
0.342

Actual Member Projected Area
CD, Hydro CD, Aero
% ∆
1.300
1.288
1.293
1.381
1.300
1.340
1.310
1.300
1.630
1.258

1.110
1.136
1.149
1.088
1.002
1.175
1.087
1.176
1.106
1.121

17.11
13.42
12.54
26.91
29.73
14.02
20.53
10.55
47.34
12.25
20.44
12.17

Cylindrical Projected Area
CD, Hydro
CD, Aero
% ∆
0.302
0.557
0.568
0.968
0.414
0.450
0.730
0.830
1.260
0.430

0.297
0.491
0.505
0.763
0.384
0.399
0.608
0.653
0.872
0.384

1.94
13.42
12.54
26.91
7.68
12.73
20.04
27.05
44.49
12.05
17.89
14.62

As shown in Table 7.5, the hydrodynamic drag coefficient data averages 20% higher than
the aerodynamic data based on the actual member projected area. Likewise, the
hydrodynamic drag coefficient data based on the cylindrical projected area averages18%
greater than the aerodynamic data. One primary reason for the discrepancy between the
aerodynamic and hydrodynamic is that the solidity ratios were averaged over a larger
Reynolds number range for the aerodynamic data. The aerodynamic data used a
Reynolds number range from 20,000 to 350,000 based on outer structure diameter,
whereas the hydrodynamic data employed a Reynolds number range from 3,000 to
80,000. Regardless, the hydrodynamic and aerodynamic data sets demonstrated similar
trends for the drag coefficient calculated by both the actual member projected area and
the total cylindrical projected area. Figure 7.20 shows the hydrodynamic and
aerodynamic drag data where the drag coefficient is a function of the solidity ratio.
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Figure 7.20: Hydrodynamic and Aerodynamic Drag Coefficients as a Function of the
Solidity Ratio

The hydrodynamic and aerodynamic data sets exhibit a similar linear relationship when
the drag coefficient is based on the total cylindrical projected area. The slope of the
aerodynamic data is 1.11 whereas the slope of the hydrodynamic data is 1.45. The
associated uncertainty error of the curved fit slope for the hydrodynamic data is 0.17,
which was calculated using the curved fit uncertainty (Equation 5.7).

7.4 HEIGHT VARIATION DRAG TEST RESULTS
Height variation drag testing was performed using ten IsoTruss® configurations,
with the 8-Node Small Diameter configuration not employed in this set of tests. The
purpose behind varying the immersed depth of the IsoTruss® structure was to establish
data where the IsoTruss® structure acts as a surface-piercing object similar to industry
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applications; e.g., as risers on off-shore oil rigs or columns used in bridges. Similar to the
velocity drag tests, the data is presented initially where the nominal hydrodynamic drag
force is a function of height variation, and further analyzed on a non-dimensional basis
where the drag coefficient is a function of the Froude number.
7.4.1 Hydrodynamic Drag Force vs. Height Variation
In the height variation drag testing, the referenced immersed height is measured
from the surface of the water to the end of the immersed structure. Each configuration
was set at the maximum drag orientation, with five different heights used in the
hydrodynamic drag measurements. The water velocity was maintained at an average
speed of 1.40 mph(0.63 m/s) for all height variations. Figure 7.21 displays the five 6node configurations and their corresponding hydrodynamic drag force as a function of the
immersed height.
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Figure 7.21: Hydrodynamic Drag as a Function of Immersed Height for 6-Node Test
Specimens at an Average Velocity of 1.4 mph (0.63 m/s)
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The maximum hydrodynamic drag experienced by the 6-Node test specimens occurred
during the testing of the 6-Node Double Thick test specimen at 1.11 lbf (4.91 N) when
the structure was immersed in 7.205 in (18.8 cm) of water. As the IsoTruss® specimen
was extracted from the test section, the resulting drag force linearly decreased. A
decrease in the drag force was expected due to a reduction in surface area in contact with
the water flow. Figure 7.22 shows the statistical correlation between the immersed water
height and the resulting hydrodynamic drag force for the 6-Node Double Thick test
specimen and the 6-Node Single Thin specimen.
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Figure 7.22: Linear Fit of Hydrodynamic Drag Force as Function of Immersed Water
Height for 6-Node Double Thick and 6-Node Single Thin Test Specimens

The correlation between the linear fit and the actual data of the 6-Node Double Thick and
6-Node Single Thin test specimens approached unity at 0.976 and 0.986, respectively.
This high correlation describes a linear proportion of drag force on the IsoTruss®
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structure to the water depth, and this finding is relevant for applications where the design
allows for variable structure immersion. For further confirmation of this trend, it is
instructive to look at the 8-node test specimens.
Figure 7.23 shows five 8-node test specimens where hydrodynamic drag force is a
function of the immersed height.
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Figure 7.23: Hydrodynamic Drag as a Function of Immersed Height for 8-Node Test
Specimens

Similar to the finding of the 6-Node specimens, Figure 7.23 displays a nearly linear
relationship between the immersed water height and hydrodynamic drag. One clear
aberration to the linearity occurred during the 8-Node Double Thin specimen testing,
where the drag force was nearly 30% below the linear data point at the 4.69 in (11.90 cm)
immersed water depth.
Figure 7.24 shows all 6-node and 8-node IsoTruss® test specimens, and includes
the Aluminum Circular Cylinder test specimen for comparison.
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Figure 7.24: Hydrodynamic Drag as a Function of Immersed Height for All Test
Specimens

From Figure 7.24, it is evident that the Aluminum Circular Cylinder exhibits the lowest
drag force for all test specimens at an average drag force of 0.07 lbf (0.29 N), whereas the
8-Node Double Thick test specimen experiences the maximum drag force of 1.32 lbf
(5.85 N) at an immersed water height of 7.04 in (17.9 cm). Similar to the orientation and
velocity drag testing, the solidity ratio is the significant parameter in relation to drag
force as a function of height variation, where the ranking in solidity ratio of the test
specimens corresponds to their ranking in drag force. This result is significant in that it
further confirms that the drag on an IsoTruss® structure can be correlated to solidity
ratio, regardless of the application; e.g., height variation testing.
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7.4.2 Drag Coefficient vs. Froude Number
The objective of using a non-dimensional analysis for the height variation testing
is two-fold: 1) observe any non-dimensional trends among the data for the 6-node and 8node test specimens; and, 2) validate the height variation testing with published nondimensional results of circular cylinders. The following discussion presents the drag
coefficient as a function of the total cylindrical projected area and as a function of the
actual member projected area. The data on the Aluminum Circular Cylinder test
specimen is compared to Hoerner’s data [1968], and the uncertainty of the measurements
is displayed.
Figure 7.25 portrays the drag coefficient as a function of the Froude number for
all IsoTruss® test specimens. The drag coefficient is based on the total cylindrical
projected area, and the Aluminum Circular Cylinder test specimen is included for
comparative purposes.
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Figure 7.25: Drag Coefficient as a Function of Froude Number for All Test Specimens
with Drag Coefficient Based on Total Cylindrical Projected Area

From Figure 7.25, the Froude number testing range is within 0.40 and 0.75 for all
IsoTruss® test specimens. Prior to testing, at least one-node of the IsoTruss® structure
was required to be immersed in the water for the IsoTruss® geometry to be represented.
Testing the IsoTruss® structure without a complete cross-sectional geometry would not
accurately reflect the drag performance on the structure. Therefore, the one-node testing
requirement defined the minimum immersed height level, which consequently restricted
the Froude number range to less than 0.75 for the IsoTruss® test specimens. The
Aluminum Circular Cylinder was not constrained by the one-node testing standard, and
its Froude number range was limited to less than 0.90.
One specific trend that can be seen from Figure 7.25 is the decreasing behavior in
drag coefficient as the Froude number increases. The average drag coefficient of the
Aluminum Circular Cylinder test specimen is 0.853, or 6% higher, than the average drag
coefficient of the 8-Node Double Thick test specimen, which is the maximum average
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drag coefficient of the IsoTruss® specimens. This finding is significant in demonstrating
that the drag coefficient is lower for the IsoTruss® specimens than the common
cylindrical configuration when the drag coefficient is based on the total cylindrical
projected area and represented as a function of the Froude number.
For the drag coefficient based on the actual member projected area, Figure 7.26
shows the drag coefficient as a function of the Froude number for all test specimens.
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Figure 7.26: Drag Coefficient as a Function of Froude Number for All Test Specimens
with Drag Coefficient Based on Actual Member Projected Area

One notable difference between Figures 7.25 and 7.26 is the collapsing of the data for
nearly all the IsoTruss® specimens in Figure 7.26, where the drag coefficient is based on
the actual member projected area. Although the 6-Node Single Thin Rough test
specimen maintains a 20% deviation from the rest of the IsoTruss® test specimens,
Figure 7.27 shows a 2nd order fit to the averaged data of the remaining IsoTruss® test
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specimens. The 6-Node Single Thin Rough test specimen and the relative uncertainty
bars are also shown for comparative purposes.

2.00

Averaged Data

1.75

6-Node Single Thin Rough
1.50
2

y = 11.936x - 18.099x + 7.2803

1.25

2

CD

R = 0.9975
1.00
0.75
0.50

CD Based on Actual
Member Projected Area

0.25
0.00
0.40

0.50

0.60

0.70

0.80

0.90

1.00

Frh

Figure 7.27: 2nd Order Fit of Averaged Drag Coefficient for IsoTruss® Test Specimens
where Drag Coefficient is Function of Froude Number and Based on Actual Member
Projected Area

The curved fit correlation factor from Figure 7.27 is 0.99 for the averaged drag
coefficient for the IsoTruss® test specimens, excluding the 6-Node Single Thin Rough
test specimen. In addition, the average drag coefficient data is within the uncertainty bars
at each Froude number at a 95% confidence level. This finding suggests that the 6-Node
Single Thin Rough data cannot be considered statistically significant, and that the
collapsing of the drag coefficient based on the actual member projected area is a general
trend for the IsoTruss® test specimens.
The validity of the non-dimensional analysis of the height variation testing
depends on the Aluminum Circular Cylinder testing data concurring with the published
145

data of smooth circular cylinders. Figure 7.28 provides the published results of a smooth
circular cylinder and the corresponding drag coefficient as a function of the Froude
number.
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Figure 7.28: Published Results of Drag Coefficient as a Function of Froude Number for
Smooth Circular Cylinder [Hoerner, 1965]

The indicated dashed window in Figure 7.28 highlights the region in which the
Aluminum Circular Cylinder testing data applied to the published data given by Hoerner
on a smooth circular cylinder. For the given comparison, the Froude number range was
between 0.25 and 1.00, and the drag coefficient varied between 0.75 and 1.00. Figure
7.29 shows the Aluminum Circular Cylinder data compared to the Hoerner data, with the
associated uncertainty bars evaluated at a 95% confidence level.
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Figure 7.29: Drag Coefficient as a Function of Froude Number for Aluminum Circular
Cylinder with Uncertainty Bars Compared to Published Results [Hoerner, 1965]

From Figure 7.29, the published smooth circular cylinder data lies within the uncertainty
bars of the Aluminum Circular Cylinder data, particularly in the Froude number range
from 0.49 to 0.75. As the Froude number increases, the uncertainty of the drag
coefficient declines. Thus, at a Froude number of 0.90, the published smooth circular
cylinder data is beyond the uncertainty bars of the Aluminum Circular Cylinder data.
This suggests that the drag coefficient data for the IsoTruss® specimens is more reliable
within the 0.49 to 0.75 Froude number range, which was the designed testing Froude
number range for each IsoTruss® test specimen. Therefore, the published data and the
cylinder test data concur in the 0.49 to 0.75 Froude number range, and the resulting
Froude number testing of the IsoTruss® test specimens is validated.
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7.5 SUMMARY
The results from the hydrodynamic drag testing were discussed and analyzed.
The hydrodynamic orientation testing results were identical to the aerodynamic
orientation results. The velocity drag tests were divided into the nominal drag force
results and non-dimensional results. The solidity ratio parameter proved critical in
determining the actual drag force and drag coefficient. In addition, the height variation
test results were similarly categorized by the nominal drag force and the drag coefficient.
The drag force was shown to have a near linear relationship with the immersed water
height, whereas the drag coefficient decreased as the Froude number increases.
Published circular cylinder data was used to verify the velocity and height variation
testing, and the hydrodynamic data was considered compatible with the published data
for both data sets on a 95% confidence level.
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Chapter 8: Flow Visualization

Flow visualization of the lattice IsoTruss® structure was performed using a wind
tunnel set-up and Particle Image Velocimetry (PIV) technology.

The motivation behind

this area of research was to understand the physical nature of the flow both around and
through the IsoTruss® specimens. Experimental flow visualization provides a
fundamental basis for future computational fluid programs that seek to optimize the
aerodynamic characteristics of the IsoTruss® structure. Likewise, understanding the
effects of the IsoTruss® geometry on the freestream velocity would further help resolve
industry-related questions. The following section discusses the test set-up and results,
including the applicability of a prototypical IsoTruss® tower product at full-scale
conditions.
8.1 TEST APPARATUS
The flow experiments were conducted using a test apparatus that consisted of a
low-speed wind tunnel, an acrylic test section, and the LaVision PIV system. The wind
tunnel allows for thermally controlled operation at tunnel velocities in excess of 25 m/s
(55.9 mph). For this research, the experiment velocities were between 5.0 m/s (11.2
mph) and 22.0 m/s (49.1 mph). Within the acrylic test section, the background
freestream turbulence levels are measured to be below 0.3% and flow uniformity is ± 2%.
Figure 8.1 depicts the testing apparatus.
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(a)

(b)
(c)
Figure 8.1: Flow Visualization Test Apparatus: a) Modular Wind Tunnel; b) Acrylic
Test Section; and, c) PIV System Mounted on 3-Axis Traverse

The flow measurements were made using a LaVision 3 Component Stereo PIV
system. As shown in Figure 8.1, the system is mounted on a 3-axis traverse that was
positioned below the acrylic test section. The PIV system consists of two digital
cameras, with a high end resolution of 1376 by 1040 pixels, and an Nd: YAG laser.
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From the digital camera and laser sheet, the available data collection window
spans 2.75 in (70 mm) normal to the test section wall by 3.56 in (90 mm) streamwise.
The PIV process operates by seeding the flow upstream with oil particles (C26H50O4),
approximately 0.00008 in (1-2 micrometers) in diameter, which are then illuminated by
the double-pulsed laser as the particles pass through the test section. The laser casts a
sheet that is approximately 0.04 in (1 mm) thick, and the digital cameras take two images
within 6-10 ns apart. The particle velocities and orientation are then calculated by
LaVision software, and the results are displayed. Figure 8.2 illustrates the PIV process of
capturing the image of the seeded particles.

Figure 8.1: Schematic of PIV System Set-up Used for Wind Tunnel Testing

The manufacturer uncertainty placed on the PIV system is on the order of 0.1 pixels,
which results in a velocity uncertainty range for the given experiments between 1.1 to
1.4%. Figure 8.3 demonstrates the actual PIV with the laser sheet projected into the test
section.
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Figure 8.3: PIV System with Laser Sheet Projected into the Acrylic Test Section

8.2 TEST SPECIMENS
Two test specimens were employed in the flow visualization testing: a modified
8-Node Single Thick IsoTruss® specimen that represents a prototypical IsoTruss® tower
used by IsoTruss® Structures Inc. (ISI), and a smooth, circular cylinder. The dimensions
of each specimen are listed in Table 8.1.
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Table 8.1: Flow Visualization Specimen Dimensions
Member Diameter
Specimen
ISI
Model
Tower
Smooth
Circular
Cylinder

Bay Length

Longitudinal

Helical

Overall
Structure
Diameter
[in
(cm)]

[in

(cm)]

[in

(cm)]

[in

(cm)]

2.88

(7.32)

0.18

(0.44)

0.15

(0.39)

5.13

-

-

-

-

-

-

5.01

Overall
Length

Solidity
Ratio

[in

(cm)]

(13.0)

14.2

(35.9)

0.65

(12.7)

8.01

(20.4)

1.0

The test specimens described in Table 8.1 were used for various testing conditions. The
flow around the ISI Model Tower and smooth circular cylinder specimens was also
tested. Figure 8.4 depicts the ISI Model Tower specimen used in the flow visualization
testing.

(a)
(b)
Figure 8.4: ISI Model Tower 8-Node Single Specimen: a) Full-View Specimen; and, b)
Close-Up of Hardware Attached to Specimen
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Since flow behavior is also a function of structural geometry, the attached hardware on
the ISI Model Tower was given particular attention. Figure 8.5 identifies each hardware
element on the ISI Model Tower.

Ring Clamps

Ring
Center
Plate

Back
Plate

IsoTruss®
Members
Figure 8.5: CATIA Drawing of Attached Hardware on ISI Model Tower

The flow visualization process focused on the ring attachment, center plate, and the
IsoTruss® members. The back plate and ring clamps, as indicated in Figure 8.5, were
included in the flow visualization by their presence in the flow field. Likewise, an
equivalent sized smooth, circular cylinder was used as a comparative benchmark for the
ISI Model Tower. The circular cylinder specimen is shown in Figure 8.6.
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Figure 8.6: 5.0 in (12.73 cm) Diameter Smooth Circular Cylinder

The circular cylinder was constructed from a clear acrylic plastic painted jet black for
compatibility with the PIV laser. It should be noted here that the test section width to
cylinder diameter ratio was approximately 3:1, which is higher than the minimal test
section size rule of thumb of 1.25:1 for the span of the model to the width of the test
section ratio [Pope et al., 1984]. However, a circular cylinder poses significant solid
blockage issues not fully present in airfoil testing, and ideally the cylinder diameter ratio
would approach a 10:1 ratio to reduce any solid blockage effects. Despite the solid
blockage effects, the primary purpose of using a cylinder of equivalent outer diameter to
the ISI Model Tower was to compare the flow advantages that arise from the porous
IsoTruss® geometry.
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8.3 TEST PROCEDURE
Using the test specimens described in Table 8.1, the upstream, sidestream, and
downstream regions of the flow were observed. For clarity, the upstream flow is defined
as the flow region prior to the test specimen; the sidestream flow is the region directly
lateral to the test specimen; and, the downstream flow is the region behind the test
specimen. Figure 8.7 further identifies the region of flow with respect to the test
specimen and flow direction.
Test Specimen

Test Section
Walls

Upstream
Region

Downstream
Region

Flow
Direction

Sidestream Region

Figure 8.7: Top-View of IsoTruss® in Wind Tunnel and Respective Flow Regions

Prior to placing the test specimens in the wind tunnel, the PIV technology was
calibrated using a plate designed for calibration purposes. The plate allows the cameras
to determine the distance between the seed particles in conjunction with the time elapsed
between the camera images. Once the distance and time are determined, the wind tunnel
velocity was calculated. In addition to this process, a previously calibrated hot wireanemometer confirmed the known wind tunnel speed. The cameras were positioned in
the upstream region, and the uniform distribution of the flow was verified using the PIV
technology. Figure 8.8 graphically illustrates the uniform flow captured by the PIV
technology in the upstream region.
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Figure 8.8: PIV Image of Uniform Flow Distribution in Upstream Region

The uniform flow distribution in the upstream region demonstrated that the subsequent
flow disturbance captured by the PIV technology was due to the test specimen, rather
than by boundary layer growth.
Upon calibration of the PIV system, the ISI Model Tower was positioned into the
wind tunnel at the testing position. Using a pre-calibrated hot-wire anemometer, the
wind tunnel velocity was probed at three different distances upstream from the specimen
in order to determine the blockage effects of the ISI Model Tower on the freestream
velocity. The wind tunnel’s freestream velocity was lowered by 2% when the ISI Model
Tower is in the wind tunnel. By comparison, the circular cylinder produced a 3.5%
reduction of the freestream velocity in the wind tunnel. This lowering of the freestream
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velocity demonstrated an upstream effect from the solid blockage of the ISI Model Tower
and circular cylinder test specimens.
The actual positioning of the test specimens within the test section required that
consideration be given to boundary layer growth at the test section wall and the blockage
effects incurred by the test specimen. Approximating the boundary layer growth as a
laminar profile, the Blausius solution predicted a 0.18 in (4.62 mm) boundary layer
growth from the side of the test section wall. From experimentation, the boundary layer
was not observed when a data collection window was placed within 0.787 in (20 mm) of
the test section wall. This distance served as an upper limit for subsequent placements of
data collection windows.
Another critical part of the experimental procedure was selecting the actual data
collection windows to produce a comprehensive image of the flow. By request, the
upstream and sidestream regions of the flow were the greatest focus, and thus,
overlapping data collection windows were applied in these regions. Figure 8.10 shows
the layout of the data collection windows used in the flow visualization process.
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Figure 8.9: Layout of Individual Data Collection Windows

The eight data windows were located in the upstream and sidestream flow regions
compared to three downstream data collecting windows. The three downstream data
windows were placed approximately a full diameter away from the fixed specimen
position in order to visualize the dispersion of vortex shedding. It is recognized that there
exists a considerable data gap, approximately 1.98 in (50 mm), between the sidestream
flow data collection windows and the downstream flow data collection windows. This
data gap was accounted for in post-data processing where linear interpolation algorithms
were used to estimate the flow velocities between the data collection windows.
Similarly, any data gaps within the data collection window layout were filled by linear
interpolation algorithms, as well as any data overlapping by the sidestream and
downstream windows.
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Two other aspects of the test set-up were considered: the specimen orientation in the
wind tunnel and the laser height. The ISI Model Tower was oriented in the wind tunnel
in two fixed positions: 1) with the face of the center plate hardware perpendicular or 90°
to the freestream velocity; and, 2) with the face of the center plate hardware parallel or 0°
to the freestream velocity. Figure 8.10 illustrates the two specified orientations in
relation to the freestream velocity.

Center Plate Face
Flow

Flow

Center Plate Face

(a) Perpendicular or 90° Orientation
(b) Parallel or 0° Orientation
Figure 8.10: Top-view of Two Orientations of ISI Model Tower: a) Center Plate Face
Perpendicular to the Flow or 90°; and, b) Center Plate Face Parallel to the Flow or 0°

The ability of the laser to move up and down allowed for the vertical flow field
around the ISI Model Tower to be investigated. In particular, the flow field around the
attached hardware; i.e., the center plate, ring, and members, were of particular interest.
Table 8.2 summarizes the orientation, laser height, and wind speed at which each
specimen was tested.
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Table 8.2: Flow Visualization Test Matrix
Specimen

ISI Model Tower

5.0" Circular Cylinder

Object of
Interest

Center
Plate

Ring
Members
Body

Orientation
[degrees]
90.0
90.0
0.0
90.0
0.0
90.0
0.0
90.0
90.0
n/a

Laser
Height
[in (mm)]
0.00 (0.00)
0.00 (0.00)
0.00 (0.00)
0.90 (22.90)
0.90 (22.90)
1.80 (45.70)
1.80 (45.70)
0.00 (0.00)
0.00 (0.00)
0.00 (0.00)

Wind Speed
[mph
17.22
48.09
48.09
48.09
48.09
48.09
48.09
48.09
48.09
48.09

(m/s)]
(7.70)
(21.50)
(21.50)
(21.50)
(21.50)
(21.50)
(21.50)
(21.50)
(21.50)
(21.50)

The laser height was referenced from the center plane of the object of interest. For
example, testing around the ISI Model Tower at the center plate at 0.0 in (0.0 mm)
represents testing the ISI Model Tower at the middle of the center plate face. Figure 8.11
shows the relative laser heights referenced from the center plate hardware.
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Figure 8.11: Three Laser Heights Referenced from Center Plate on ISI Model Tower

The actual test runs consisted of placing the test specimen into the marked testing
position. The laser height and placement of digital cameras were adjusted to the
corresponding test described in Table 8.2 and the wind tunnel was allowed to run for 10
minutes in order to reach steady-state. After reaching steady-state, all in-house lighting
was turned off, and the digital cameras were programmed to take 40 photos at 6
nanoseconds apart. The LaVision software averaged the data in 40 photos to produce one
flow visualization image. This process was repeated for each test configuration.

8.4 FLOW VISUALIZATION IMAGES
The following flow visualization images are shown in two forms: 1) the raw data
with no linear interpolation is shown initially for each test configuration; and, 2) the
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corresponding refined flow visualization images, that include linear interpolation,
produced by the numberical mapping method. The initial raw data is shown mapped out
by location with an accompanying dashed black window, outlining the subsequent region
of the refined flow visualization images. The raw data and corresponding numerical
mapping images (NMI) are shown on each page. Table 8.3 identifies the color and the
related velocity range for the NMI used by the Matlab software. The flow visualization
images are in Figures 8.12 through 8.31 for the test configurations outlined previously in
Table 8.2.

Table 8.3: Color Grid for Velocity NMI
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8.4.1 Velocity Images

Figure 8.12: Flow Visualization of ISI Model Tower with Focus on Mid-Plane of
Center-Plate Hardware and Oriented Perpendicular to Freestream Velocity of 17.22
mph(7.70 m/s)

Figure 8.13: Flow Visualization of ISI Model Tower using Numerical Mapping Method
with Focus on Mid-Plane of Center-Plate and Orientation Perpendicular to Freestream
Velocity of 17.22 mph (7.70 m/s)
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Figure 8.14: Flow Visualization of ISI Model Tower with Focus on Mid-Plane of
Center-Plate Hardware and Oriented Perpendicular to Freestream Velocity of 48.09 mph
(21.50 m/s)

Figure 8.15: Flow Visualization of ISI Model Tower using Numerical Mapping Method
with Focus on Mid-Plane of Center-Plate and Orientation Perpendicular to Freestream
Velocity of 48.09 mph (21.5 m/s)
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Figure 8.16: Flow Visualization of ISI Model Tower with Focus on Mid-Plane of
Center-Plate Hardware and Oriented Parallel to Freestream Velocity of 48.09 mph (21.50
m/s)

Figure 8.17: Flow Visualization of ISI Model Tower using Numerical Mapping Method
with Focus on Mid-Plane of Center-Plate and Orientation Parallel to Freestream Velocity
of 48.09 mph (21.50 m/s)
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Figure 8.18: Flow Visualization of ISI Model Tower with Focus on 0.90 in (2.23 cm)
from Center-Plate Hardware and Oriented Perpendicular to Freestream Velocity of 48.09
mph (21.50 m/s)

Figure 8.19: Flow Visualization of ISI Model Tower using Numerical Mapping Method
with Focus 0.90 in (2.23 cm) from Center-Plate and Orientation Perpendicular to
Freestream Velocity of 48.09 mph (21.50 m/s)
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Figure 8.20: Flow Visualization of ISI Model with Focus on 0.90 in (2.23 cm) from
Center-Plate Hardware and Oriented Parallel to Freestream Velocity of 48.09 mph (21.50
m/s)

Figure 8.21: Flow Visualization of ISI Model Tower using Numerical Mapping Method
with Focus 0.90 in (2.23 cm) from Center-Plate and Orientation Parallel to Freestream
Velocity of 48.09 mph (21.50m/s)
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Figure 8.22: Flow Visualization of ISI Model Tower with Focus on 1.80 in (4.57 cm)
from Center-Plate Hardware and Oriented Perpendicular to Freestream Velocity of 48.09
mph (21.50m/s)

Figure 8.23: Flow Visualization of ISI Model Tower using Numerical Mapping Method
with Focus on 1.80 in (4.57 cm) from Center-Plate and Orientation Perpendicular to
Freestream Velocity of 48.09 mph (21.50 m/s)

169

Figure 8.24: Flow Visualization of ISI Model Tower with Focus on 1.80 in (4.57 cm)
from Center-Plate Hardware and Oriented Parallel to Freestream Velocity of 48.09 mph
(21.50 m/s)

Figure 8.25: Flow Visualization of ISI Model Tower using Numerical Mapping Method
with Focus on 1.80 in (4.57 cm) from Center-Plate and Orientation Parallel to Freestream
Velocity of 48.09 mph (21.50 m/s)
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Figure 8.26: Flow Visualization of ISI Model Tower with Focus on Center-Ring
Hardware and Oriented with Center-Plate Hardware Perpendicular to Freestream
Velocity of 48.09 mph (21.50 m/s)

Figure 8.27: Flow Visualization of ISI Model Tower using Numerical Mapping Method
with Focus on Center-Ring and Orientation Perpendicular to Freestream Velocity of
48.09 mph (21.50 m/s)
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Figure 8.28: Flow Visualization of ISI Model Tower with Focus on Specimen Members
without Hardware and Oriented in Perpendicular Position to Freestream Velocity of
48.09 mph (21.50 m/s)

Figure 8.29: Flow Visualization of ISI Model Tower using Numerical Mapping Method
with Focus on Specimen Member and Orientation Perpendicular to Freestream Velocity
of 48.09 mph (21.50 m/s)
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Figure 8.30: Flow Visualization of 5.01 in (12.70 cm) Diameter Smooth Circular
Cylinder Specimen Tested with a Freestream Velocity of 48.09 mph (21.50 m/s)

Figure 8.31: Flow Visualization of 5.01 in (12.70 cm) Diameter Smooth Circular
Cylinder using Numerical Mapping Method with Freestream Velocity of 48.09 mph
(21.50 m/s)
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8.4.2 Percent Deviation from Freestream Images
The following images describe the percent deviation of the local velocity from the
upstream freestream velocity for each test run. The initial raw data is identical to the
velocity images previously shown, and therefore only the numerical mapping images are
provided in the percent deviation form. Table 8.4 shows a color grid that identifies the
velocity and corresponding color used in the percent deviation images (Figures 8.32
through 8.41).

Table 8.4: Color Grid of Percent Deviation Images
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Figure 8.32: Percent Deviation from Freestream Velocity of ISI Model Tower with
Focus on Mid-Plane of Center-Plate Hardware and Oriented Perpendicular to Freestream
Velocity of 17.22 mph (7.70 m/s)

Figure 8.33: Percent Deviation from Freestream Velocity of ISI Model Tower with
Focus on Mid-Plane of Center-Plate Hardware and Oriented Perpendicular to Freestream
Velocity of 48.09 mph (21.50 m/s)
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Figure 8.34: Percent Deviation from Freestream Velocity of ISI Model Tower with
Focus on Mid-Plane of Center-Plate Hardware and Oriented Parallel to Freestream
Velocity of 48.09 mph (21.50 m/s)

Figure 8.35: Percent Deviation from Freestream Velocity of ISI Model Tower with
Focus on 0.90 in (2.23 cm) from Center-Plate Hardware and Oriented Perpendicular to
Freestream Velocity of 48.09 mph (21.50 m/s)
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Figure 8.36: Percent Deviation from Freestream Velocity of ISI Model Tower with
Focus on 0.90 in (2.23 cm) from Center-Plate Hardware and Oriented Parallel to
Freestream Velocity of 48.09 mph (21.50 m/s)

Figure 8.37: Percent Deviation from Freestream Velocity of ISI Model Tower with
Focus on 1.80 in (4.59 cm) from Center-Plate Hardware and Oriented Perpendicular to
Freestream Velocity of 48.09 mph (21.50 m/s)
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Figure 8.38: Percent Deviation from Freestream Velocity of ISI Model Tower with
Focus on 1.80 (4.59 cm) from Center-Plate Hardware and Oriented Parallel to Freestream
Velocity of 48.09 mph (21.50 m/s)

Figure 8.39: Percent Deviation from Freestream Velocity of ISI Model Tower with
Focus on Center-Ring Hardware and Oriented in Perpendicular Position to Freestream
Velocity of 48.09 mph ( 21.50 m/s)
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Figure 8.40: Percent Deviation from Freestream Velocity of ISI Model Tower with
Focus on Specimen Members without Hardware and Oriented in Perpendicular Position
to Freestream Velocity of 48.09 mph (21.50 m/s)

Figure 8.41: Percent Deviation from Freestream Velocity of 5.01 in (12.70 cm) Diameter
Smooth Circular Cylinder with a Freestream Velocity of 48.09 mph (21.50 m/s)
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8.5 FLOW VISUALIZATION ANALYSIS
Two primary methods were used to analyze the data from the PIV system: 1)
qualitatively observing trends in the numerical mapping images for design
recommendations; and, 2) reducing the data into non-dimensional form for percentage of
freestream analysis. The following analysis provides both a qualitative and nondimensional discussion of the flow visualization process.
8.5.1 Numerical Mapping Image Analysis
The upstream and sidestream flow fields from the numerical mapping images
were analyzed in order to understand the effects of the attached hardware on the ISI
Model Tower. Specifically, the following discussion evaluates the critical center plate
hardware and the three sequential heights referenced from the center plate for both the
upstream and sidestream flow fields.
8.5.1.1 Upstream Flow Field
The upstream flow field region is defined as the region where the flow is
approaching the ISI Model Tower test specimen. In the figures shown, the flow moves
from right to left. For this analysis, the upstream flow field is restricted to a 4.5 x 5.5 in2
(120 x 140 mm2) window, and each flow field was identically cropped for comparative
purposes. Figure 8.42 shows a magnified view of the upstream flow regions for the ISI
Model Tower in the perpendicular orientation.
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Figure 8.42: Top-View of Upstream Flow Region in Relation to ISI Model Tower in the
Perpendicular Position

The dashed box in Figure 8.42 indicates the upstream region that is examined for the
following upstream flow qualitative analysis. Figure 8.43 shows the cropped view of the
three laser heights in the upstream region.

(a)
(b)
(c)
Figure 8.43: Magnified Top-View of Upstream Flow Regions for ISI Model Tower in
the Perpendicular Orientation: a) Laser Height at Mid-Plane of Center Plate; b) Laser
Height at 0.90 in (2.23 cm) from the Center Plate; and, c) Laser Height at 1.80 in (4.59
cm) from the Center Plate
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Several qualitative observations can be extracted from Figure 8.43. Primarily,
there exists a greater velocity decrease prior to the ISI Model Tower when the flow field
was measured at the mid-plane of the center plate in the perpendicular position, shown in
(Figure 8.43: (a)). This result was expected, as the flat-face, rectangular geometry of the
center plate required the flow to bend, causing the flow to gradually slow down while
approaching the center plate at a stagnation point. Furthermore, above the center plate,
and into the porous region of the ISI Model Tower, the flow does not stagnate due to the
open structure, as shown in Figure 8.43: (b-c). This finding is particularly relevant in the
position of the ISI Model Tower with respect to the direction of the prevailing wind. The
data demonstrates a velocity reduction as the flow moves toward the center plate.
A similar presence of a velocity decrease was shown when the ISI Model Tower
was positioned in the parallel orientation. Figure 8.44 compares the upstream velocity
fields around the ISI Model Tower at three different laser heights while tested in the
parallel position.

(a)
(b)
(c)
Figure 8.44: Magnified Top-View of Upstream Flow Regions for ISI Model Tower in
the Parallel Orientation: a) Laser Height at Mid-Plane of Center Plate; b) Laser Height at
0.90 (2.23 cm) from the Center Plate; and, c) Laser Height at 1.80 (4.59 cm) from the
Center Plate
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In Figure 8.44:(a), where the laser height is at the mid-plane of the center plate, there
exists a decrease in the velocity that is not present in either Figures 8.44: (b-c). This
finding is similar to the upstream flow field with the ISI Model Tower in the
perpendicular position at a laser height mid-plane to the center plate, as previously shown
in Figure 8.43:(a). In the parallel position, the rectangular side of the center plate
becomes the point of contact with the oncoming flow. Similar to the flat face in the
perpendicular position, a resulting stagnation point is created on the rectangular side, and
the velocity decrease is shown in Figure 8.44:(a).
Another critical observation of the upstream flow at the mid-plane laser height is
the extent to which the velocity decreases at a farther distance away from the ISI Model
Tower. For both the perpendicular and parallel positions, the velocity profile takes on a
ballooning effect at the mid-plane of the center plate. Figure 8.45 provides an enlarged
view of the ballooning velocity profile at the mid-plane laser height.

Ballooning
Velocity Profile

Figure 8.45: Upstream Flow of the ISI Model Tower at the Mid-Plane Laser Height in
the Parallel Position
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The resulting consequence of the ballooning velocity profile is an increased distance for
the velocity to return to freestream velocity. In contrast to the flow fields taken at a
location above the center plate hardware, the velocity decrease at the mid-plane of the
center plate extends further from the ISI Model Tower.
8.5.1.2 Sidestream Flow Field
The sidestream flow field refers to the flow region directly lateral to the ISI
Model Tower test specimen, or the region normal to the test section walls. For this
analysis, the sidestream flow field is constrained by a 4.5 x 4.5 in2 (120 x 120 mm2)
window, and each flow field was identically cropped for comparative purposes. Figure
8.46 shows a magnified view of the sidestream flow region in relation to the ISI Model
Tower in the perpendicular orientation.

Figure 8.46: Magnified Top-View of Sidestream Flow Region with the ISI Model Tower
in Perpendicular Position

The dashed box indicates the sidestream flow region under investigation for the
qualitative analysis. The sidestream flow region remained fixed regardless of the
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perpendicular or parallel orientation of the ISI Model Tower. Figure 8.47 shows the
resulting cropped images of the sidestream flow region at the three laser heights in the
perpendicular position.

(a)
(b)
(c)
Figure 8.47: Magnified View of Sidestream Flow Regions for ISI Model Tower in the
Perpendicular Orientation: a) Laser Height at Mid-Plane of Center Plate; b) Laser Height
at 0.90 in (2.23 cm) from the Center Plate; and, c) Laser Height at 1.80 in (4.59 cm) from
the Center Plate

From Figure 8.47, the flow regions at the three laser height positions produced fairly
similar velocity profiles with the ISI Model Tower in the perpendicular position. Figure
8.47: (a) exhibits a minimal wake in the bottom corner of the image, which may exist or
which may be explained by the error associated with the linear interpolation algorithm,
where the presence of the ISI Model Tower recorded a zero velocity. The crimson red
contour color in all three Figures 8.47: (a-c) refers to a wind velocity of 50.7 ± 0.9 mph
(22.7 ± 0.7 m/s), and the trend in all three flow regions is a shift from the crimson red
contour to the darker red contour color representing a wind velocity of 54.4 ± 0.67 mph
(24.3 ± 0.3 m/s).
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In the case of the parallel position for the sidestream flow regions, the velocity
profiles differ significantly. Figure 8.48 displays the sidestream flow regions with the ISI
Model Tower in the parallel orientation.

(a)
(b)
(c)
Figure 8.48: Magnified View of Sidestream Flow Regions for ISI Model Tower in the
Parallel Orientation: a) Laser Height at Mid-Plane of Center Plate, b) Laser Height at
0.90 in (2.23 cm) from the Center Plate; and, c) Laser Height at 1.80 (4.59 cm) from the
Center Plate

From Figure 8.48: (a), looking at the mid-plane of the center plate flow region, there
exists a wake that gradually thickens from right to left. Unlike the perpendicular position
where the minimal boundary layer growth is interpolation error, the boundary layer
present in Figure 8.48: (a) was expected due to the laser height positioned at the middle
of the center plate, where boundary layer growth would occur. Figures 8.48: (b-c) do not
exhibit the wake shown in Figure 8.48: (a), but rather demonstrate the velocity increase
similar to the velocity shift with the ISI Model Tower in the perpendicular orientation
(refer to Figure 8.47: b-c).
8.5.1.3 Qualitative Summary
From the numerical mapping images analysis, several trends can be observed for
both the upstream and sidestream flow regions of the ISI Model Tower:
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§ The presence of a wake exists at the mid-plane of the center plate in the
sidestream flow region at the parallel orientation.
§ The presence of a stagnation point exists at the mid-plane of the center plate in the
upstream flow region with the ISI Model Tower in perpendicular position.
§ Moving away from the mid-plane of the center plate results in lower velocity
gradients in both the perpendicular and parallel orientations.
§ The velocity profiles at all three laser heights from the center plate were
approximately identical in the sidestream flow region in the perpendicular
position
8.5.2 Non-Dimensional Analysis
The numerical mapping images shown in Section 8.4 provide a graphical display of
the velocity field around the test specimens. These images are particularly instructive in
obtaining a global overview of the flow around a test specimen. However, the numerical
mapping images are limited in providing a detailed, local flow analysis due to the Matlab
software that averages the local flow velocities. The Matlab software assigns a universal
color within a velocity range producing the contour lines presented in the numerical
mapping images. To account for this limitation, non-dimensional plots of the local flow
velocities in both the upstream and sidestream direction were constructed. Figure 8.49
illustrates where the local velocities were measured for the non-dimensional plots in the
upstream flow, or x-direction, and the sidestream flow, or y-direction.
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Figure 8.49: Location of Non-Dimensional Plotting in the x- and y-Directions for both
Upstream and Sidestream Flows

As shown in Figure 8.49, the center of the test specimen was selected as the constant ycoordinate for the upstream flow field measurements in the x-direction. Similarly, the
sidestream flow velocities were measured using the center of the test specimen and a
varying y-direction.
8.5.2.1 Upstream Flow Field
The freestream velocity was measured at the inlet of the test section, or
approximately 10 diameters away from the test specimen. For the ISI Model Tower, the
freestream velocity was measured at 48.09 mph (21.50 m/s) for the majority of the testing
and 17.69 mph (7.91 m/s) for a single test run. With the circular cylinder in the test
section, the freestream velocity was measured at 47.70 mph (21.34 m/s). An analytical
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solution of the freestream velocity for a smooth circular cylinder was compared to the
experimental data of the freestream velocity measured by the PIV instrumentation. Using
the potential flow stream function where a uniform flow and a doublet are superimposed,
the flow velocity around a circular cylinder can be approximated by:
 R2
V r = 1 − 2
r



V∞ cos θ


(8.1)

where Vr is the radial velocity along the streamline, R is the radius of the cylinder, r is the
distance from the center of the cylinder, V∞ is the freestream velocity, θ and is the angle
from the horizontal to the point of interest. Figure 8.50 presents the non-dimensional
plotting of the local velocity to freestream velocity in the x-direction at various heights
and orientations of the ISI Model Tower and the smooth circular cylinder.

Figure 8.50: Non-Dimensional Plot of Local Velocity versus Freestream Velocity in the
Varying X-Direction for All Test Specimens in the Upstream Flow Field
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At each laser height and specimen orientation of the ISI Model Tower shown in Figure
8.50, the percent deviation from freestream velocity asymptotically approached unity, or
1.0, at the maximum x/D of 1.2. In addition, the smooth circular cylinder required
significantly more distance in returning to freestream velocity than the ISI Model Tower.
Table 8.5 provides a summary of the upstream flow field.

Table 8.5: Percent Deviation from Freestream Velocity for Upstream Flow Field around
Model ISI Tower
Laser
Orientation Upstream Flow
Specimen Region of Interest
Height
to Flow
[in (cm)]
x/D
%V
Parallel
1.25
4.40
0.00 (0.0)
0.00 (0.0) Perpendicular 1.25
1.98
0.90 (2.3)
Parallel
1.25
0.19
Center Plate
2.39
0.90 (2.3) Perpendicular 1.25
ISI
1.80
(4.6)
Parallel
1.25
2.19
Model
1.82
1.80 (4.6) Perpendicular 1.25
Tower
Ring
0.00 (0.0) Perpendicular 1.25
1.80
Members (No
0.00 (0.0) Perpendicular 1.25
0.70
Hardware)
Body
0.00 (0.0)
n/a
1.25
2.56
Cylinder

From Table 8.5, the smallest deviation from the freestream velocity occurred
when the laser was focused on the members of the ISI Model Tower. Qualitatively, this
difference was expected due to the porous nature of the members. Conversely, the
maximum occurred when the laser was focused on the mid-plane of the center plate
oriented in the parallel position, resulting in a 4.40 percent difference. The mid-plane
location of the center plate hardware corresponds to the location of maximum blockage.
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8.5.2.2 Sidestream Flow Field
The sidestream non-dimensional analysis references an adjusted freestream
velocity due to the reduction of the test section area where the test specimens are
positioned. Conservation of mass is described by the following:
ρ1V1 A1 = ρ 2V2 A2

(8.2)

where ρ is the density of the air, V is the average velocity over the cross-section, and A
is the area of the cross-section. From the conservation of mass principle and assuming
constant fluid density, a reduction in the cross-sectional area results in an increase in the
velocity at the cross-section. Due to the complexity of the ISI Model Tower geometry
and the relative simplicity of the cylinder, a relationship was developed that correlated
the upstream-to-sidestream velocity difference of the cylinder to the upstream-tosidestream velocity difference of the ISI Model Tower. The following discussion
describes how the relationship was developed for calculating the freestream velocity in
the sidestream region.
Based on the conservation of mass principle, the freestream velocity in the
sidestream region was determined for the cylinder by the following:
Vside ,cyl =

Vup ,cyl Aup ,cyl
Aside ,cyl

(8.3)

where Vside,cyl is the average freestream velocity in the sidestream region, Vup,cyl is the
measured freestream velocity in the upstream region, Aup,cyl is the measured crosssectional area of the test section in the upstream region, and Aside,cyl is the measured crosssectional area of the test section where the cylinder is positioned. The freestream
velocity in the upstream region for the cylinder was measured at 47.7 mph (21.3 m/s),
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and the calculated freestream velocity in the sidestream region was 56.8 mph (25.4 m/s).
The consequent velocity increase from the upstream-to-sidestream for the cylinder was
calculated at 19%. The percent difference of the freestream velocities from the
sidestream to the upstream region for the cylinder was determined by the following:
%Vcyl =

Vside ,cyl − Vup ,cyl
Vup ,cyl

(8.4)

where %Vcyl is the percent difference of the freestream velocities from the sidestream to
the upstream region. By relating this percent difference to a solid area ratio that
compared the cylinder to the ISI Model Tower, the ratio of the freestream velocity in the
sidestream and upstream flow regions for the ISI Model Tower was calculated, as
described by Equation 8.5:

 Vside 


= (%Vcyl )(φ ) + 1
 Vup 

 IsoTower

(8.5)

where Vside,IsoTower is the calculated freestream velocity in the sidestream region for the ISI
Model Tower, Vup,IsoTower is the measured freestream velocity in the upstream region for
the ISI Model Tower, and φ is the solid area ratio that relates the cylinder to the ISI
Model Tower. The freestream velocity in the upstream region for the ISI Model Tower
was measured at 48.09 mph (21.50 m/s) for the majority of the testing and 17.30 mph
(7.70 m/s) for a single test run. Using the measured freestream velocity in the upstream
region, the resulting freestream velocity in the sidestream region for the ISI Model Tower
was calculated.
For complete clarity, two solid area ratio approaches were implemented in
Equation 8.5. These approaches were the solidity ratio and the percent reduction in
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cross-sectional area from the ISI Model Tower geometry. The solidity ratio was
calculated using a conservative approach outlined by Fowkes [2003], where the solid
member area of the ISI Model Tower was determined by ProEngineer®, a CAD software
program. The resulting solidity ratio of the ISI Model Tower, without including the
attached hardware, was calculated at 0.65. Further, the solidity ratio uses a conservation
of momentum approach in determining the freestream velocity of the sidestream region.
Conversely, the percent reduction in cross-sectional area method accounts for the
decrease in cross-sectional area due to the presence of the ISI Model Tower, and thereby
applies a conservation of mass approach in calculating the freestream velocity in the
sidestream region. Using CATIA® software, the reduction in cross-sectional area due to
the ISI Model Tower was calculated at 0.30. From a non-dimensional perspective where
the local velocity is normalized by the freestream velocity, the solidity ratio approach
yields a lower limit in estimating the return to freestream velocity, whereas the crosssectional area approach gives an upper limit. Figures 8.51 and 8.52 display the nondimensional results of the sidestream flow field for the ISI Model Tower using the
solidity ratio and cross-sectional area approaches, respectively.
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Figure 8.51: Non-Dimensional Plot for ISI Model Tower Test Specimen in the
Sidestream Flow Field using Solidity Ratio Approach at Variation of Orientation and
Laser Height

At each orientation and relative laser height in Figure 8.51, the non-dimensional velocity
for the ISI Model Tower asymptotically converges to 2.0% of the freestream velocity at
y/D equal to 0.94 using the solidity ratio approach. These results show lower limit values
for the local velocity to return to freestream velocity.
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Figure 8.52: Non-Dimensional Plot of ISI Model Tower Test Specimen in the
Sidestream Flow Field using Cross-Sectional Area Approach at Variation of Orientation
and Laser Height

At each orientation and relative laser height in Figure 8.52, the non-dimensional velocity
for the ISI Model Tower asymptotically converges to 4.0% of the freestream velocity at
y/D equal to 0.94 using the cross-sectional area approach. These results show upper limit
values for the local velocity to return to freestream velocity. Table 8.6 provides a
summary of the sidestream flow field for various regions of interests at different
orientations of the ISI Model Tower for both the solidity ratio and cross-sectional area
approaches.

195

Table 8.6: Percent Deviation from Freestream Velocity for Sidestream Flow Field
around ISI Model Tower
Height
% V∞ Sidestream
Region of
Orientation
y/D Solidity CrossSpecimen
Interest
to
Flow
Sectional
[in
(cm)]
Ratio
Area
0.00 (0.00)
Parallel
0.94
1.82
4.06
0.00 (0.00) Perpendicular 0.94
2.10
4.34
Parallel
0.94
1.24
3.47
0.90 (2.29)
Center Plate
1.16
3.38
0.90 (2.30) Perpendicular 0.94
ISI Model
Parallel
0.94
1.37
3.60
1.80
(4.57)
Tower
1.80 (4.57) Perpendicular 0.94
1.10
3.33
1.77
4.01
Ring
0.00 (0.00) Perpendicular 0.94
Members (No
1.31
3.54
0.00 (0.00) Perpendicular 0.94
Hardware)

From Table 8.6, there exists an apparent discrepancy between the solidity ratio approach
and the cross-sectional area approach. To better understand the average percent velocity
difference between the tow approaches, it is instructive to examine the sidestream flow
behavior for the smooth circular cylinder specimen. Using the freestream velocity in the
sidestream flow region obtained from the conservation of mass calculations (refer to
Equation 8.3), the non-dimensional sidestream flow results are provided in Figure 8.53.
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Figure 8.53: Non-dimensional Plot for Smooth Circular Test Specimen in the Sidestream
Flow Region

From Figure 8.53, it can be seen that the velocity for the smooth circular cylinder
asymptotically approaches below the freestream velocity, at 95% of the freestream
velocity. This result is explained by the inherent assumption in the conservation of mass
analysis, where a uniform velocity throughout the cross-section is assumed. However,
the velocity distribution in the cross-section for the circular cylinder is not uniform due to
the offset position of the cylinder in the test section. Figure 8.54 shows the position of
the cylinder in the test section.
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Figure 8.54: Top-view of the Circular Cylinder in the Test Section

As identified in Figure 8.54, the cylinder is offset in the test section such that a larger
interrogation window was allowed in the sidestream flow region, indicated by the (A) in
Figure 8.54. Compared to the smaller region, denoted by the (A) in Figure 8.54, the
cross-sectional area of region (B) is significantly larger, and thus there was an unequal
distribution of the mass as the flow was required to pass around the cylinder in regions
(A) and (B). In contrast to the cylinder, the porous structure of the ISI Tower Model did
not force the flow around the geometry, and thus an approximation of a uniform flow in
the test section is appropriate for the ISI Tower model. However, this approximation
allows for a significant difference between a conservation of mass approach and a
conservation of momentum approach.

198

8.5.2.3 Quantitative Summary
From the non-dimensional analysis, several quantitative observations can be
constructed for both the upstream and sidestream flow fields of the test specimens:
§ In the upstream flow region, the velocity asymptotically returned to 2.0% of the
freestream velocity at 1.25 diameters away from the ISI Model Tower.
§ In the sidestream flow region, the velocity asymptotically returned to 1.48% of
the freestream velocity at 0.94 diameters away from the ISI Model Tower using
the solidity ratio approach. Applying the cross-sectional area approach, the
velocity asymptotically approached 3.71% of the freestream velocity at 0.94
diameters away.
§ The solidity ratio approach provides a lower limit for the percent return to
freestream velocity, whereas the cross-sectional area approach yields an upper
limit.

8.6 INDUSTRY APPLICATION AND SCALABILITY
The primary objective of this research was quantifying the velocity field around the
ISI Model Tower in order to provide relevant data for industrial applications, in
particular, the wind towers produced by ISI. To accurately use the wind tunnel research
for practical applications, a dimensional analysis was performed that accounted for
geometric and dynamic similarity. The following discussion evaluates the dimensional
analysis, and the associative extension and limitations of such an analysis in full-scale
application.
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8.6.1 Dimensional Analysis
Dimensional analysis utilizes the concept of similarity to extend the
measurements made in the wind tunnel to describe the flow behavior of full-scale wind
towers in open flow-field applications. Both geometric and dynamic similarity
requirements must be satisfied.
8.6.1.1 Geometric Similarity
Geometric similarity is defined as the similarity between the wind tower model
geometry and the full-scale wind tower geometry utilized by ISI. The scaling ratio
between the wind tower model and full-scale wind tower was determined by the outer
structure diameter ratio of the ISI Model Tower and the full-scale wind tower of 23.00 in
(58.40 cm). This scaling ratio was 4.50, and Table 8.7 lists the ISI Model Tower, and the
appropriate full-scale wind tower dimensions for geometric similarity.
Table 8.7: Dimensions for Model and Full-Scale Wind Towers
Overall
Member
Bay
Length
Structure
Wind Tower
Area
Diameter
Type
ISI Tower
Model
Full-Scale
Tower

Solidity
Ratio

[in

(cm)]

[in2

(cm2)]

[in

(cm)]

2.88

(7.32)

0.02

(0.13)

5.13

(13.00)

0.65

12.96

(32.92)

0.10

(0.65)

23.00 (58.40)

0.65

Theoretically, the solidity ratios between the wind tunnel model and the full-scale
model would be equivalent for geometric similarity. However, in practice, ISI uses
triangular members whereas the ISI Model Tower employed circular members. Thus,
using the designated full-scale tower dimensions with triangular members in place of the
circular members would yield a solidity ratio approximate to 0.43. In this light,
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geometric similarity would not be maintained and the ISI Model Tower would serve as an
approximation for the flow would behave around the full-scale model in regards to the
solidity ratio.
8.6.1.2 Dynamic Similarity
Dynamic similarity is described as the similarity between the flow behavior of the
wind tunnel testing to the predicted flow behavior of full-scale applications. The
Reynolds number similarity is used, where the Reynolds number is defined as.
Re =

ρVD
µ

(8.6)

where Re is the dimensionless Reynolds number parameter, ρ is the air density, V is the
flow velocity, D is the overall structure diameter, and µ is the kinematic viscosity of air.
Practical applications of the full-scale wind tower have winds approaching 24.60 m/s
(55.0 mph). It was investigated whether the flow behavior at the wind tunnel velocity
would be an accurate representation of industry applications.
Anderson [2001] and Munson et al. [2002] identify the Reynolds number regime
between 103 and 3 x 105, at which the flow transitions from a distinct constant wake to a
turbulent wake for small circular cylinders. Using a Reynolds number based on the
member diameter, the calculated Reynolds number for the ISI Model Tower at maximum
velocity was 8809. Similarly, the industry-preferred velocity of 24.60 m/s results in a
Reynolds number value of 21600. Table 8.8 provides a summary of the Reynolds
number calculations as either a function of the maximum wind tunnel velocity or at the
industry-preferred velocity (Full-Scale Tower).
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Table 8.8: Reynolds Number Comparison Based on Member Diameter
Member
Reynolds
Velocity
Structure Type
Diameter
Number
[mph (m/s)]
[in (cm)]
ISI Model Tower 48.00 (21.46)

0.19 (0.50)

7304

55.00 (24.60)

0.88 (2.25)

21629

Full-Scale Tower

The Reynolds numbers from both the wind tunnel testing and the industry-preferred
velocity are within the Reynolds number regime of 103 and 3 x 105. This provides
evidence that the wake shedding from the ISI Model Tower would be relatively identical
to the wake shedding around and behind a full-scale wind tower at the industry-preferred
velocity. Thus, we can expect from the dynamic similarity that the flow behavior
exhibited in the wind tunnel would occur with the full-scale tower at the desired 55.0
mph (24.60 m/s).

8.7 SUMMARY
Flow visualization of lattice IsoTruss® structures was conducted using Particle
Image Velocimetry technology. Particular emphasis was placed on quantifying the
velocity field around a modified ISI prototypical wind tower at two primary orientations,
both perpendicular and parallel, with respect to both the face of the attached center plate
hardware and the flow. The height of the laser field was varied at each orientation, and
the flow visualization images were constructed using a numerical mapping method.
Analysis of the reduced data demonstrated that the upstream flow returned to within 2%
of the freestream velocity at 1.2 diameters away for all orientations and heights. For the
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sidestream flow field, the flow asymptotically approached 2%-4% of the freestream
velocity at 0.94 diameters away for all orientations and heights. A dimensional analysis
was employed to apply the prototype ISI Model Tower to full-scale wind towers.
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Chapter 9: Conclusions and Recommendations

The chief objective of this research was twofold: 1) provide data and
analysis on the hydrodynamic performance of various IsoTruss® configurations; and, 2)
qualitatively and quantitatively observe the flow around an IsoTruss® test specimen.
Experiments were performed to determine the hydrodynamic drag forces as a function of
orientation, water speed, and immersed body height. Additional experiments were
conducted using a Particle Image Velocimetry instrumentation to quantify the flow
behavior around and through an IsoTruss® Tower model. These experiments were used
to further confirm the existing aerodynamic data performed by Fowkes [2003], with the
intent that industrial applications of the IsoTruss® technology will employ these research
findings when applying water or wind loading to the structure. The following
conclusions and recommendations are based on the collected hydrodynamic results in
conjunction with the flow visualization research.

9.1 CONCLUSIONS
Eleven conclusions were made from the hydrodynamic drag testing, flow
visualization research, and comparisons to the aerodynamic data.
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9.1.1 Hydrodynamic Drag Testing
1) Each IsoTruss® configuration has a maximum and minimum drag orientation
which directly relates to the solidity ratio, and the resultant drag is proportional to
the solidity ratio.
2) The surface roughness of the actual members has no significant effect on the
hydrodynamic drag performance, particularly between the 6-Node Single Thin
and 6-Node Single Thin Rough test specimens.
3) The outer structure diameter was not significant in determining the drag force on
the IsoTruss® specimens, specifically in comparing the 8-Node Small Diameter
test specimen to the 8-Node Single Thin test specimen.
4) Except for specimens with an extremely high solidity ratio, the 8-Node Double
Thick test specimen, the IsoTruss® structures exhibit lower drag than a smooth
circular cylinder of equal outer diameter. Turbulence generated by the double
configuration within the interior of the structure is believed to produce significant
flow separation, resulting in a higher drag on the 8-Node Double Thick test
specimen.
5) The drag coefficient based on the actual member projected area for each
IsoTruss® test specimen is independent of the solidity ratio. The drag coefficient
based on the total cylindrical projected area has a linear relationship with the
solidity ratio, and its slope is 1.45 with a zero y-intercept. In comparison to other
lattice beams, IsoTruss® specimens exhibited less drag.
6) The drag coefficient versus Froude number data for all eleven IsoTruss®
specimens collapses into a 2nd order polynomial curve fit when the drag
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coefficient is based on the actual member projected area. Using a 95%
confidence level, the 2nd order polynomial fit allows for the drag coefficient to be
predicted within the Froude number range of 0.49 to 0.75.
9.1.2 Comparison to Aerodynamic Drag Results
7) The hydrodynamic orientation data is reasonably congruent with the aerodynamic
orientation data, with each configuration having the same maximum and
minimum drag orientation.
8) Applying a 95% confidence level, the hydrodynamic and aerodynamic data sets
agreed favorably for all IsoTruss® test specimens where the drag coefficient was
a function of the Reynolds number based on outer structure diameter.
9) The hydrodynamic and aerodynamic data portrayed the same general linear
relationship when the drag coefficient is shown as a function of the solidity ratio.
Having a zero y-intercept for both data sets, the hydrodynamic data resulted in a
slope of 1.45 whereas the aerodynamic data has a slope of 1.11.
9.1.3 Flow Visualization Research
10) From a quantitative perspective, the flow around the ISI Model Tower deviated
from freestream velocity at a shorter distance upstream than the 5.0 in (12.7 cm)
diameter acrylic circular cylinder. Specifically, the wind velocity deviated 2% of
the freestream velocity 1.25 diameters away for the ISI Model Tower. In the
sidestream flow region, the solidity ratio approach yielded a return to within
1.48% of the freestream velocity at 0.94 diameters away, whereas the cross-

207

sectional area approach demonstrated a 3.71% deviation at 0.94 diameters from
the ISI Model Tower.
11) Qualitatively, the center plate hardware on the ISI Model Tower produced
regional velocity changes as the flow approached, with significant wake visible in
the sidestream flow region. Conversely, the flow around the specimen members
and center ring hardware exhibited less velocity difference from the freestream
velocity in the upstream region.
9.2 RECOMMENDATIONS
The following four recommendations are disclosed to improve and/or apply the
hydrodynamic drag data and flow visualization results:
9.2.1 Experimental Measurement Improvement
1)

Acquire a pressure transducer or flow instrumentation that has the resolution
necessary to read lower water velocities, on the order of 0.001 m/s.
Instrumentation with high resolution would allow for greater accuracy at
lower Reynolds number ranges, particularly between 200 and 800. Precision
of this data would result in greater understanding of the flow on specimens
such as the 8-Node Small Diameter specimen, where the data is relatively
inconclusive.

2)

Scale down the test specimen sizes by a factor of at least two in order to
prevent solid blockage within the water tunnel test section. Significantly
smaller test specimens would also reduce the bay length, and allow for a
higher range of Froude number testing, where the immersed one-node
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requirement is applied. For example, using an 8-node test specimen with an
outer diameter of 2.50 in (5.08 cm) and a resulting bay length of 1.52 in (3.86
cm) results in a Froude number range from 0.49 to 1.02, which is a 34% range
increase.
9.2.2 Industry Application
3)

The flow visualization research was valuable in regards to viewing the effect
of the attached hardware on the industrial ISI Tower. The center plate
hardware should be modified or removed as the mounting bracket due to the
consequent flow disturbance. Also, the solid blockage effects in the
sidestream flow region produced unavoidable uncertainty in the
measurements, and a factor of two should be applied to the measured data for
determining how many diameters away the wind velocity returns to freestream
velocity.

4)

The linear fit of the drag coefficient as function of the solidity ratio, based on
the total cylindrical projected area, is the best available predictor of the drag
coefficient on the tested IsoTruss® structures and also economically viable.
This reduced linear relationship between drag coefficient and solidity ratio is
the core of the hydrodynamic drag research.
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APPENDIX A: Experimental Checklist
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I. Initial Placement of IsoTruss®:
_____1. Plug in water tunnel pump and pressure transducer, with pump not running
_____2. Record height of water in test section (between 18.8 to 19.1 cm)
_____3. Record the temperature of the water
_____4. Record atmospheric pressure from barometer located on west wall
_____5. Position IsoTruss® at maximum drag orientation according to
Fowkes [2003] data
_____6. Adjust force balance stand for IsoTruss® at maximum immersion depth of 8
mm from bottom wall of test section, and then remove stabilizing bolt
_____7. Delay 2 minutes prior to data recording until all visual motion of water has
stabilized
_____8. Record differential pressure at 0.0 Hz
_____9. Record force measurement at 0.0 Hz
II. Velocity Variation:
_____1. Verify that all clamps are secure and fastened
_____2. Verify that Process I (Initial Placement) was followed
_____3. Increase the pump frequency to the following frequencies:
5,8,10,13,15,18,20,23,25,28,30
_____4. At each frequency, delay data recording by 2 minutes
_____5. Record a set of data at each frequency (1000 scans per second for 10 seconds)
_____6. Save data with assigned specimen file at specific pump frequency
_____7. Record pressure transducer readout 10 times at 5 second intervals for each Hz
frequency
_____8. Return pump frequency to 0.0 Hz
_____9. Record differential pressure readout and force balance at the returned 0.0 Hz
after 2 minutes
_____10. Orient the IsoTruss® specimen at minimum drag orientation according to
Fowkes [2003] data
_____11. Repeat Process I (Initial Placement) and steps 1-9 of this process (Velocity
Variation) at minimum drag orientation.
_____12. Remove IsoTruss® specimen from force balance and repeat entire process
(Velocity Variation) for all IsoTruss® specimens
III. Orientation Variation:
_____1. Align the IsoTruss® specimen at 0.0 degrees orientation
_____2. Adjust force balance stand for IsoTruss® at maximum immersion depth of 8
mm from bottom wall of test section
_____2. Repeat Velocity Variation (step II) process
_____3. Rotate IsoTruss® in Force Balance Interface at determined orientations
_____4. Repeat Velocity Variation process
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IV. Height Variation:
_____ 1. Ensure that Process I (Initial Placement) was performed and the IsoTruss®
specimen is at maximum orientation
_____ 2. Ramp up pump frequency to 15.0 Hz
_____ 3. Delay data recording by determined time interval
_____ 4. Save data with assigned specimen file denoted by pump frequency and height
level
_____ 5. Ramp up pump frequency to 45.0 Hz
_____ 6. Delay data recording by determined time interval
_____ 7. Save data with assigned specimen file
_____ 8. Ramp down pump frequency to 0.0 Hz
_____ 9. Verify that force balance and pressure readouts are initial value
_____ 10. Remove the IsoTruss® from force balance and replace with another
IsoTruss® specimen
_____ 11. Repeat steps 1-10 for each IsoTruss® specimen
_____ 12. Adjust stand to an increased height of 2 cm (or next drilled hole)
_____ 13. Repeat steps 1-12 of this process (Height Variation) until each IsoTruss®
specimen is tested at all height variations (at 2 cm increments) for both
pump frequencies at maximum orientation
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APPENDIX B: Matlab Program for Flow Visualization
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%Upload Data Text Files
Window1 = load('J:\Masters Thesis\Chapter 7-Flow Visualization\Matlab\Data Txt
files\A-90 Data\1.txt');
Window2= load('J:\Masters Thesis\Chapter 7-Flow Visualization\Matlab\Data Txt
files\A-90 Data\2.txt');
Window3 = load('J:\Masters Thesis\Chapter 7-Flow Visualization\Matlab\Data Txt
files\A-90 Data\3.txt');
Window4 = load('J:\Masters Thesis\Chapter 7-Flow Visualization\Matlab\Data Txt
files\A-90 Data\4.txt');
Window5 = load('J:\Masters Thesis\Chapter 7-Flow Visualization\Matlab\Data Txt
files\A-90 Data\5.txt');
Window6 = load('J:\Masters Thesis\Chapter 7-Flow Visualization\Matlab\Data Txt
files\A-90 Data\6.txt');
Window7 = load('J:\Masters Thesis\Chapter 7-Flow Visualization\Matlab\Data Txt
files\A-90 Data\7.txt');
Window8 = load('J:\Masters Thesis\Chapter 7-Flow Visualization\Matlab\Data Txt
files\A-90 Data\8.txt');
Window9 = load('J:\Masters Thesis\Chapter 7-Flow Visualization\Matlab\Data Txt
files\A-90 Data\9.txt');
Window10 = load('J:\Masters Thesis\Chapter 7-Flow Visualization\Matlab\Data Txt
files\A-90 Data\10.txt');
Window11= load('J:\Masters Thesis\Chapter 7-Flow Visualization\Matlab\Data Txt
files\A-90 Data\11.txt');
Freestream_Velocity=21.9*.98;
%Make 11 Data Matrices Windows from raw Davis data columns
for i=1:5440
x = Window1(i,1) + 39;
y = Window1(i,2) + 32;
V = Window1(i,3);
Matrix1(x,y) = V;
end
for i=1:5440
x = Window2(i,1) + 39;
y = Window2(i,2) + 32;
V = Window2(i,3);
Matrix2(x,y) = V;
end
for i=1:5440
x = Window3(i,1) + 39;
y = Window3(i,2) + 32;
V = Window3(i,3);
Matrix3(x,y) = V;
end
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for i=1:5440
x = Window4(i,1) + 39;
y = Window4(i,2) + 32;
V = Window4(i,3);
Matrix4(x,y) = V;
end
for i=1:5440
x = Window5(i,1) + 39;
y = Window5(i,2) + 32;
V = Window5(i,3);
Matrix5(x,y) = V;
end
for i=1:5440
x = Window6(i,1) + 39;
y = Window6(i,2) + 32;
V = Window6(i,3);
Matrix6(x,y) = V;
end
for i=1:5440
x = Window7(i,1) + 39;
y = Window7(i,2) + 32;
V = Window7(i,3);
Matrix7(x,y) = V;
end
for i=1:5440
x = Window8(i,1) + 39;
y = Window8(i,2) + 32;
V = Window8(i,3);
Matrix8(x,y) = V;
end
for i=1:5440
x = Window9(i,1) + 39;
y = Window9(i,2) + 32;
V = Window9(i,3);
Matrix9(x,y) = V;
end
for i=1:5440
x = Window10(i,1) + 39;
y = Window10(i,2) + 32;
V = Window10(i,3);
Matrix10(x,y) = V;
end
for i=1:5440
x = Window11(i,1) + 39;
y = Window11(i,2) + 32;
V = Window11(i,3);
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Matrix11(x,y) = V;
end
%Adjust Matrices to Fit the Orientation set forth in Report
New_Matrix1 (64,85)=0;
for i=1:64
for j=1:85
New_Matrix1(65-i,j)=Matrix1(j,i);
end
end
New_Matrix2 (64,85)=0;
for i=1:64
for j=1:85
New_Matrix2(65-i,j)=Matrix2(j,i);
end
end
New_Matrix3 (64,85)=3;
for i=1:64
for j=1:85
New_Matrix3(65-i,j)=Matrix3(j,i);
end
end
New_Matrix4 (64,85)=0;
for i=1:64
for j=1:85
New_Matrix4(65-i,j)=Matrix4(j,i);
end
end
New_Matrix5 (64,85)=0;
for i=1:64
for j=1:85
New_Matrix5(65-i,j)=Matrix5(j,i);
end
end
New_Matrix6 (64,85)=0;
for i=1:64
for j=1:85
New_Matrix6(65-i,j)=Matrix6(j,i);
end
end
New_Matrix7 (64,85)=0;
for i=1:64
for j=1:85
New_Matrix7(65-i,j)=Matrix7(j,i);
end
end
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New_Matrix8 (64,85)=0;
for i=1:64
for j=1:85
New_Matrix8(65-i,j)=Matrix8(j,i);
end
end
New_Matrix9 (64,85)=0;
for i=1:64
for j=1:85
New_Matrix9(65-i,j)=Matrix9(j,i);
end
end
New_Matrix10 (64,85)=0;
for i=1:64
for j=1:85
New_Matrix10(65-i,j)=Matrix10(j,i);
end
end
New_Matrix11 (64,85)=0;
for i=1:64
for j=1:85
New_Matrix11(65-i,j)=Matrix11(j,i);
end
end
%Create Matrix Template to input Matrix Data Windows
Template (220,360)=0;
%Position each Matrix Data window into Matrix Template
%For Matrix Data Window1
for i=1:64
for j=1:85
Template(i,j+200) = New_Matrix1(i,j);
end
end
%For Matrix Data Window2
for i=1:64
for j=1:85
Template(i+75,j+200) = New_Matrix2(i,j);
end
end
%For Matrix Data Window3
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for i=1:64
for j=1:85
Template(i+125,j+180) = New_Matrix3(i,j);
end
end
%For Matrix Data Window4
for i=1:64
for j=1:85
Template(i+60,j+130) = New_Matrix4(i,j);
end
end
%For Matrix Data Window5
for i=1:64
for j=1:85
Template(i+120,j+130) = New_Matrix5(i,j);
end
end
% For Matrix Data Window6
for i=1:64
for j=1:85
Template(i,j) = New_Matrix6(i,j);
end
end
%For Matrix Data Window7
for i=1:64
for j=1:85
Template(i+60,j) = New_Matrix7(i,j);
end
end
%For Matrix Data Window8
for i=1:64
for j=1:85
Template(i+140,j) = New_Matrix8(i,j);
end
end
%For Matrix Data Window9
for i=1:64
for j=1:85
Template(i,j+280) = New_Matrix9(i,j);
end
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end
%For Matrix Data Window10
for i=1:64
for j=1:85
Template(i+75,j+280) = New_Matrix10(i,j);
end
end
%For Matrix Data Window11
for i=1:64
for j=1:85
Template(i+125,j+260) = New_Matrix11(i,j);
end
end
%Start Copy
%Proceed with Linearization Models: both vertically and horizontally
%for linear interpolation vertically
%Beginning from left to right: First Column
for j=1:87
value1=Template(120,j);
value2=Template(150,j);
value_new=value1;
for i=120:150
Template(i,j)= value_new + (1/30)*(value2-value1);
value_new = Template(i,j);
end
end
%for linear interpolation horizontally
for i=70:200
value1=Template(i,82);
value2=Template(i,160);
value_new=value1;
for j=84:155
Template(i,j)= value_new + (1/130)*(value2-value1);
value_new = Template(i,j);
end
end
%for second interpolation model vertically
for j=210:360
value1=Template(60,j);
value2=Template(80,j);
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value_new=value1;
for i=61:82
Template(i,j)= value_new + (1/20)*(value2-value1);
value_new = Template(i,j);
end
end
%for third interpolation model vertically
for j=100:180
value1=Template(100,j);
value2=Template(130,j);
value_new=value1;
for i=101:130
Template(i,j)= value_new + (1/30)*(value2-value1);
value_new = Template(i,j);
end
end
%for second linear interpolation horizontally
for i=105:140
value1=Template(i,46);
value2=Template(i,103);
value_new=value1;
for j=45:105
Template(i,j)= value_new + (1/60)*(value2-value1);
value_new = Template(i,j);
end
end
%for third linear interpolation horizontally
for i=120:180
value1=Template(i,250);
value2=Template(i,300);
value_new=value1;
for j=251:295
Template(i,j)= value_new + (1/60)*(value2-value1);
value_new = Template(i,j);
end
end

%Stop Copy
%Editing the original Template Matrix to produce refined Rectangular Matrix
Refined_Matrix (150,320)=0;
for j=1:320
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for i=1:150
Refined_Matrix(i,j)= Template(i+30,j+10);
end
end
%Placing values in percentage of the freestream velocity
for i=1:150
for j=1:320
Percent_Freestream(i,j)=(Refined_Matrix(i,j)/Freestream_Velocity)*100-100;
end
end
%Producing the Velocity Contour Graph that maps out a color to each
%velocity contour
figure
contourf(Refined_Matrix,10)
xlabel('Streamwise (mm)')
ylabel('Across Test Section (mm)')
colorbar('vert')
end
figure
contourf(Percent_Freestream,10)
xlabel('Streamwise (mm)')
ylabel('Across Test Section (mm)')
colorbar('vert')
end

figure
contourf(Refined_Matrix,10)
colormap jet
set(gca,'Fontsize',12)
set(gca,'ytick',[20 40 60 80 100 120 140])
xlabel('Streamwise (mm)','FontWeight','bold','Fontsize',14)
ylabel('Across Test Section (mm)','FontWeight','bold','Fontsize',14)
%colorbar('vert')
ax2=axes('XAxisLocation','top','Color','none','Fontsize',12,'YAxisLocation','Right','Color',
'none')
xlim([0 12.9921259843])
xlabel('Streamwise (in)','Fontweight','bold','Fontsize',14)
set(gca,'XTick',[2 4 6 8 10 12])
ylabel('Across Test Section (in)','Fontweight','bold','Fontsize',14)
ylim([0 5.90551181102])
set(gca,'YTick',[1 2 3 4 5])
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end
figure
contourf(Percent_Freestream,10)
colormap jet
set(gca,'Fontsize',12)
set(gca,'ytick',[20 40 60 80 100 120 140])
xlabel('Streamwise (mm)','FontWeight','bold','Fontsize',14)
ylabel('Across Test Section (mm)','FontWeight','bold','Fontsize',14)
%colorbar('vert')
ax2=axes('XAxisLocation','top','Color','none','Fontsize',12,'YAxisLocation','Right','Color',
'none')
xlim([0 12.9921259843])
xlabel('Streamwise (in)','Fontweight','bold','Fontsize',14)
set(gca,'XTick',[2 4 6 8 10 12])
ylabel('Across Test Section (in)','Fontweight','bold','Fontsize',14)
ylim([0 5.90551181102])
set(gca,'YTick',[1 2 3 4 5])
end
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